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ABSTRACT OF DISSERTATION 
 
 
 
 
TRIBUTARY RESPONSE TO THE LAKE LIVINGSTON IMPOUNDMENT – 
LOWER TRINITY RIVER, TEXAS 
 
 The purpose of this study is to describe and explain tributary changes within the 
lower Trinity River basin, Texas, downstream of Livingston Dam.  Within southeastern 
Texas, an opportunistic geomorphic experiment arose when the Trinity River was 
impounded.  The dam represents a marked moment and place of a system perturbation.  
Geomorphological effects of the lower Trinity River tributaries were investigated through 
five different types of data: analysis of published discharge and sediment load data, 
examination of alluvium, planform change as measured from aerial photographs, 
resurveys of bridge cross-sections, and field mapping of geomorphic indicators of 
change. 
 Since closure, Lake Livingston has reduced sediment supply while minimally 
affecting the discharge regime.  Channel scour is evident for about 60 km downstream.  
All the tributaries studied are located within this reach.  Currently, there is no model that 
directly addresses the morphological response of a tributary stream’s confluence 
downstream of a dam.  Therefore, the Confluence Effects Model is developed to predict 
the resulting geomorphological impacts within a tributary stream’s mouth with varying 
changes in trunk stream discharge and channel morphology.  When applied to two 
confluences of the lower Trinity River, the Confluence Effects Model successfully 
predicts the resulting geomorphological changes.   
 Within the lower Trinity River basin, the tributaries are reacting in a nonlinear 
and complex manner.  Delayed or lagged responses are illustrated through sediment 
budgets for two tributaries which suggest a large amount of sediment is in storage within 
the tributary basins.  Applying the unstable hydraulic geometry model, thirteen 
qualitatively different modes of adjustment with respect to increases, decreases or lack of 
change in width, depth, slope and roughness were observed within the tributary systems.   
 The nonlinear and complex reactions of the tributary systems mask the effects of 
the impoundment beyond the confluences with the Trinity.  The geomorphic 
characteristics of the tributaries are largely dominated by Holocene sea level change and 
the response to extreme events, such that dam effects become relatively localized. 
 While this study considered a coastal plain fluvial system perturbed by human 
modifications, other earth surface systems may draw comparisons between emergent 
responses, response times and landscape sensitivity to a disturbance within a system. 
 
KEYWORDS: Tributary Stream, Dam Effects, Confluence Effects Model, Channel  
  Morphology, Trinity River 
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CHAPTER ONE: INTRODUCTION AND BACKGROUND 
 
Introduction 
The purpose of this study is to describe and explain tributary changes within the 
lower Trinity River basin, Texas, downstream of Livingston Dam.  Impoundments and 
dams influence downstream geomorphology and hydraulics by altering discharge and 
sediment dynamics.  These downstream effects, by extension, influence water resources, 
riparian land use, and stream ecology (Phillips et al., 2005), and through coupling 
processes would be expected to affect tributaries to the impounded trunk stream.  Fluvial 
geomorphologists and hydrologists have long been concerned with the effects of 
perturbations to a fluvial system.  The impoundment of a river represents a marked 
moment in time and a discrete location of a perturbation-influencing change in flow and 
sediment discharge within a stream channel and thus provides opportunities to investigate 
system responses through channel and planform adjustments.   
The downstream geomorphic impacts of dams have been discussed widely in the 
literature (Petts, 1980; Biedenharn, 1984; Williams and Wolman, 1984; Hudson and 
Mossa, 1997; Friedman et al., 1998; Brandt, 2000a; Phillips, 2001a, 2003ab; Phillips and 
Slattery, 2006).  Much of this body of literature is informed in a general way by the 
broader theory of channel responses to imposed changes (Phillips et al., 2005).  The 
majority of the work directed toward the downstream geomorphic effects of dams on 
channel size, shape, and planform, as well as the rate and nature of change therein, is 
uncertain; that is, the channel may become wider, narrower, deeper, shallower, more 
stable or less stable, and may aggrade or degrade depending upon the specific changes in 
flow regime, sediment trap efficiency of the impoundment, pre-dam conditions and the 
local geological, ecological, hydrological, climate and land use/management conditions 
(Petts, 1984a; Williams and Wolman, 1984; Church, 1995; Friedman et al., 1998; Brandt, 
2000a; Graf, 2001; Petts and Gurnell, 2005; Wellmeyer et al., 2005).   
Fluvial systems are characterized by global and local components.  Global 
components operate and influence any fluvial system anywhere and at all times, while 
local components are associated with contingent phenomena, specific to a place and/or 
time (Phillips, 2002).  A few authors have attempted to explicitly link global factors such 
2 
as hydraulic geometry and regime theory to the effects of dams (Brandt, 2000b; Xu, 
1990); while others recognize that local factors and contingent phenomena may override 
global factors and make universal (or consilient) statements concerning the downstream 
effects of dams difficult (Phillips and Musselman, 2003; Phillips et al., 2004).  Local 
factors that may influence the effects of a dam include (but are not limited to) changes in 
flow regime, sediment trap efficiency of the impoundment, pre-dam conditions, and local 
geological, ecological, hydrological, climatological, and land use/management conditions 
(Phillips et al., 2005).  Responses will also vary depending upon the distance from the 
dam and time since dam construction.  Considering these local factors, the predictability 
of the downstream effects of dams may be feasible only when accounting for place- and 
river-specific characteristics (Phillips, 2001b). 
“Hungry water” scour downstream of a dam is common, and often spatially 
localized (Kondolf, 1997).  In the case of the lower Trinity River, the downstream scour 
effects are evident and have caused changes within the lower basin system.  Below the 
Livingston reservoir, the general pattern of system effects addressed in this study is the 
consistency of response (and direction) with respect to geomorphic changes such as 
channel change (in width, depth, slope and roughness) and planform change.  The typical 
cross-sectional and reach variability within a fluvial system may lead to variations in the 
quantitative rates and extent of changes, but the more fundamental issue of modes of 
adjustment, defined here as qualitative combinations of increases, decreases, and 
negligible changes in hydraulic variables, allows for a description of the pattern of 
change in channel geometry and hydraulics where a lack of baseline data makes 
quantitative measurements of change impossible (Phillips et al., 2005).   
The responses within the Trinity system represent an “experiment” (Phillips et al., 
2005) to assess tributary responses to lowered baselevel and/or foreshortening.  The 
specific questions addressed in this study are 1) have morphometric changes occurred 
within the tributaries? 2) have sediment dynamics within the tributaries been affected? 
and 3) can these changes be attributed to the impoundment?   
In addition to the more general goals of this study, the specific goals concern the 
lower Trinity River directly.  The channel reach where a tributary joins a trunk stream has 
been described as a sensitive area to change (Petts, 1979).  These dynamic locations 
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within the lower Trinity River basin provide evidence of multiple modes of adjustment.  
At a single location evidence of degradation and aggradation may be found.  These 
extremely dynamic and sensitive areas are crucial in understanding the reverberations of 
a perturbation within a fluvial system.  Therefore, a model is offered to predict the 
morphological changes at confluences downstream of an impoundment.  The model is 
based on changes in the impounded stream’s water discharge and altered channel 
morphology.  
Downstream Effects of Dams on Tributaries 
 The understanding of the impacts and effects dams may have on a fluvial system 
has been developed over the last 50 years (Petts and Gurnell, 2005).  World-wide dam 
building accelerated rapidly in the 1950s and peaked in the late 1960s (Beaumont, 1978; 
Graf, 2005; Petts and Gurnell, 2005).  The effects of large dams became more obvious in 
the 1970s and ‘80s as geomorphological research slowly and steadily increased.  
Research today concerning dams has progressed to the stage of theory-building (Graf, 
2005).   
 According to Petts and Gurnell (2005), research on the downstream effects of 
dams often focuses on three themes: 1) channel dynamics, 2) the role of riparian 
vegetation, and 3) channel change causing ecological change.  Within many studies, the 
downstream effect on tributaries gets little attention beyond the confluence with the 
impounded stream.   
 Confluences (location where two streams flow together) and the reach within a 
trunk stream where a confluence occurs have been recognized as areas that are sensitive 
to system perturbations and may illustrate the direction of change within that system 
(Andrews, 1986; Church, 1995; Harvey, 2002; Benda et al., 2004).  At confluences the 
impounded stream’s channel response controls the effect on the tributary.  A tributary 
stream’s baselevel is the channel bottom of the trunk stream.  A change in hydraulic 
geometry (widening, narrowing, aggrading or degrading), or planform change in the 
trunk stream will affect the baselevel of a tributary.  Mainstem channel change that has 
altered baselevel in tributaries has caused the upstream migration (in the tributary) of 
knickpoints, entrenchment, bankfull width increases and channel bank caving 
(Germanoski and Ritter, 1988; Kesel and Yodis, 1992).   
4 
 The effects of tributary baselevel lowering are often considered a coupling effect 
– a change in the mainstem translated to the tributary.  Coupling effects between trunk 
and tributary streams may be a key control of the geomorphic function of a river system 
(Brierley and Fryirs, 1999).  Upstream coupling caused by channel adjustment in the 
mainstem (Galay, 1983) can often cause a desynchronization of flood hydrographs in the 
tributary and trunk stream system (Willis and Griggs, 2003).  Desynchronized 
hydrographs can produce a situation in which the tributary peaks before the trunk and 
subsequently transports and deposits increased amounts of sediment to the confluence.  
When the tributary reaches its mouth, with higher unit stream power than the trunk 
stream, coarser particles are deposited and over successive events a delta may form 
(Topping et al., 2000; Willis and Griggs, 2003).   
 Germanoski and Ritter (1988) investigated the tributary response to baselevel 
lowering downstream of Bagnell Dam on the Osage River in central Missouri.  The 
tributaries within their study flowed through unconsolidated alluvium and responded 
rapidly to channel adjustments within the trunk stream system.  Below Bagnell Dam, the 
Osage River adjusted to the imposed flow conditions by increasing channel cross-
sectional area through degradation and widening of the channel.  Mainstem channel 
degradation was cited as the most important cause of tributary incision (Germanoski and 
Ritter, 1988).  Applying dendrogeomorphic methods and using relative sequences of 
“within channel” terraces, pre-entrenchment tributary profiles were constructed.  At the 
mouths of the tributary streams, these profiles revealed incision and widening had 
occurred after closure of the dam in response to the adjusted mainstem.   
 The tributaries studied by Germanoski and Ritter (1988) were two to three orders 
of magnitude smaller than the tributary systems of the lower Trinity basin.  With drainage 
areas varying between 0.28 and 4.51 km2, the response within the Osage River tributary 
systems was rapid and dramatic.  It was posited that root-armored knickpoints within the 
tributaries acted to retard upstream downcutting, effectively inhibiting the mobilization of 
large volumes of sediment being stored upstream of the knickpoint.  Germanoski and 
Ritter suggested that spasmodic pulses of sediment would be delivered to the Osage as 
knickpoints failed due to the upstream incision.  This sort of pulsed sediment delivery to 
the mainstem river caused by root armored knickpoint failure would not be expected in 
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the Trinity system as the streams are too large to be significantly affected by root 
armored knickpoints.  The varying amount of incision that occurred at the tributary 
mouths downstream of Bagnell Dam suggests that tributary responses downstream of a 
dam will be affected by distance decay.  In their study, Germanoski and Ritter (1988) 
showed that incision at the mouth of the tributary was greater in streams with a 
confluence closer to the dam.  They also suggested that dam effects within the tributary 
streams are greatest at the confluence.   
 Kesel and Yodis (1992) and Yodis and Kesel (1993) investigated the 
foreshortening of two Mississippi River tributaries in Mississippi.  While the two stream 
systems perturbation was not caused by a dam, anthropogenic modifications (e.g. 
foreshortening) did induce a baselevel change within the streams.  The modification to 
the tributary systems created similar effects as an impoundment on a mainstem by 
altering baselevel.  Yodis and Kesel (1993) argue that the channel instability produced by 
foreshortening is similar in its effects as a decrease in baselevel.  Although tributary 
changes within these papers are not caused by an impoundment on the trunk stream, the 
point centered disturbance causes similar responses (e.g. channel widening in an 
impounded trunk stream) within the tributary stream’s adjustment and is worth noting 
here.   
 Channel adjustments above the foreshortened reaches in the Homochitto River 
and St. Catherine Creek systems are characterized by degradation and bank caving.  
Knickpoints have migrated up the streams and have caused an increase in cross-sectional 
area.  Larger cross-sectional areas have resulted in lowered stages for peak discharge 
flows and reduced the frequency of overbank flooding.  In the lower foreshortened 
reaches, aggradation occurred because of a reduction in gradient and the subsequent 
flows are incapable of transporting the greater sediment loads generated by upstream 
erosion.  Yodis and Kesel (1993) suggest that the response time to a disturbance such as 
foreshortening appears to be very rapid.  They also suggested a change in the rate of the 
migration upstream through the system – slowing as the distance from the original 
perturbation increases.   
 In studies of the post-settlement sediment records of the Wolumla catchment in 
New South Wales, Australia, Brierly and Fryirs (1999) discovered intact valley fills that 
6 
had been transformed into incised channels along trunk streams.  This incision in the 
mainstem and subsequent baselevel lowering was translated to less than half of the 
tributaries within the catchment.  As Wolumla Creek incised and meandered through its 
valley, tributary streams became disconnected from the trunk stream system.  Low flows 
in the tributaries were unable to extend across the valley and the disconnected tributaries 
were stranded (i.e. not graded to the trunk stream).  Disconnected tributaries experienced 
discontinuous incision and the tributary’s valleys filled with alluvium and became large 
sediment sinks (Fryirs and Brierly, 1999).  The adjusting channel position of Wolumla 
Creek within its valley was the primary control of the tributary effects.  As the trunk 
stream meandered and formed a confluence with a tributary, the tributary would grade to 
the trunk stream and alluvium would be delivered to the trunk stream.   
 In a review paper that documented the effects of tributaries on river morphology 
at confluences, Benda et al. (2004) postulated the probability that a tributary channel will 
alter mainstem morphology scales with the size of the tributary relative to the mainstem.  
That is, the larger the tributary relative to the mainstem, the larger the effects will be on 
the mainstem.  Associated downstream changes in flow hydraulics in the trunk stream 
may occur as a tributary stream channel adjusts morphologically to imposed changes 
from the trunk stream.  Increased stream power in tributary streams, and the subsequent 
higher transport capacity can lead to downstream coupling.  Downstream coupling may 
occur when a change in a tributary is translated to the mainstem and causes geomorphic 
change.  Downstream coupling effects from tributaries have produced channel 
adjustments in mainstem streams by contributing increased amounts of sediment and 
causing morphological and planform change in the trunk stream (Biedenharn, 1984; 
Church, 1995; Gilvear, 2004).  With a reduction in flood magnitude after impoundment, 
Gilvear (2004) observed a reduction in channel capacity as a typical response below 
unregulated tributary sediment sources entering the impounded mainstem.  In early stages 
of channel adjustments in a regulated river, Petts and Thoms (1987) noted that tributary 
confluence bars might occur.  Church (1995) suggested that sediment delivery from 
tributary streams may create a stepped profile within an impounded stream between 
successive tributary confluences.   
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 In a gravel bed stream in the United Kingdom, Petts (1984b) described the 
morphological and sedimentological changes induced by tributary inputs to a regulated 
river eighteen years after closure.  In the River Rheidol, Petts illustrated a primary lobate 
bar below a confluence that initiated flow separation and subsequently was responsible 
for constructing channel-side berms.  Below the confluence, flow was diverted as channel 
capacity was reduced to one-third of its pre-impoundment size, the cross-sectional area 
adjusted to a low width-depth ratio form, and the channel continuously adjusted its 
channel slope (Petts, 1984b).   
 The spatial and temporal extent of a perturbation through a fluvial system will 
depend upon three factors: distance decay, response propagation rates, and landscape 
sensitivity.  The distance decay and response propagation rates of dam effects within 
tributary streams will be controlled by coupling processes from the impounded-trunk 
stream, as well as other influences on channel morphology.  Distance decay describes the 
spatial extent of a system perturbation as changes associated with that particular 
disruption become less and less detectable with greater distance from the source.  A 
system is likely to become more insensitive to a perturbation as the perturbation’s impact 
decreases due to dampening effects attributed to distance away from the source of a 
disturbance, or reach a point at which overriding system components overwhelm any 
influence of the perturbation.  Change in ‘local’ (e.g., a mainstem stream to a tributary) 
baselevel is a geomorphic control that has been shown to dampen out with distance 
(Leopold and Bull, 1979).  Therefore the subsequent responses within a tributary system 
to the effects of downcutting within a trunk stream (causing a drop in baselevel in a 
tributary) would become less detectable further from the perturbation (e.g. the 
confluence).   
 Working in the Brazos River system, Texas (Figure 1), Nordt (2004) showed that 
tributary streams, rather than mainstem streams, are more sensitive to climate change and 
fluctuating sediment supply, suggesting that low order streams and associated trunk 
streams may not respond similarly to geomorphic change.  Similarly, as dams cause 
changes in sediment supply and flow conditions and associated geomorphic changes to 
downstream reaches, tributary systems should not be expected to respond in the same 
way as a trunk stream.   
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 The response of tributary systems downstream of an impoundment will vary 
depending upon many contingencies.  The relative sizes of the tributary/trunk stream 
systems, distance from and time since the perturbation, and upstream/downstream 
coupling processes will affect morphological and flow conditions within the tributary 
streams.  The response of tributary systems below an impoundment may be more strongly 
influenced by varying local conditions and historical contingencies such as land 
use/cover, vegetation and geology.   
Setting 
The entire Trinity River drainage basin has an area of 46,100 km2, with 
headwaters in north-central Texas (Figure 1).  The four forks that combine to form the 
Trinity River flow through the Dallas-Fort Worth metroplex, through the piney woods of 
east Texas, finally draining to Trinity Bay.  The Trinity Bay is part of the Galveston Bay 
system on the Gulf of Mexico.   
 Closed 28 September 1968, Livingston Dam is a flow-through reservoir (the dam 
has no flood control function) which primarily functions as a water supply for the city of 
Houston, Texas.  The conservation pool capacity of the lake is greater than 2.2 billion m3, 
with a capacity/inflow ratio of 0.316, based on the conservation pool capacity and an 
extrapolation of mean annual flow per unit drainage area for the Crockett gauging station 
(nearest gauging station on the Trinity upstream of the lake) (Phillips and Musselman, 
2003).  Located approximately 175 km above the Trinity Bay, 95% (42,950 km2) of the 
Trinity River’s catchment area drains into Lake Livingston.  The upper Trinity basin 
(above the Lake Livingston reservoir) has a total of twenty-nine dams, concentrated 
around the Dallas-Fort Worth metroplex, which are managed for flood remediation 
(Wellmeyer et al., 2005).   
Physiography 
 Together, the continental shelf (subaqueous) and the coastal plain (subaerial) 
provinces of the eastern and southern United States comprise the Atlantic Plain 
(Fenneman, 1938; Hunt, 1967).  The continental shelf in Texas is more than 480 km wide 
(Fenneman, 1938) stretching out into the waters of the Gulf of Mexico.   
The structure of the coastal plain and continental shelf is determined by the 
underlying stratum (lower Cretaceous).  In east Texas, this surface dips seaward (toward 
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the ocean basin), with a general regional slope of less than two degrees (Aronow, 1978; 
Morton, 1988).  The oldest formations are found furthest inland, and are overlain by 
successively younger strata toward the shore (Blum and Price, 1998).  The formations 
thin landward and form belts parallel to the coast (Hunt, 1967).  The Texas continental 
shelf supplies a record of transgressing and regressing ancestral coastal plain streams and 
their associated deltas and fans through the last glacial-eustatic cycle (Rodriquez and 
Anderson, 2000).  Anderson and Rodriquez (2000) suggest that the low, alluvial rivers 
(e.g. Trinity and Sabine) do not meander much from their incised fluvial valleys, 
suggesting the rivers are likely to re-incise the same valley, reworking sediment from 
storage when delivering alluvium to the shelf-margin deltas.   
The drainage of coastal plain streams like the Trinity is inherited from the last 
glacial-eustatic cycle, when the previously existing streams elongated themselves across 
the newly exposed shelf margin (Anderson and Rodriquez, 2000; Fenneman, 1938; 
Rodriquez and Anderson, 2000; Rodriquez et al., 1998; Rodriquez et al., 2001).  Patterns 
of tributary streams are dendritic, with branching (length and number) increasing further 
inland.  The lowest stream discharge in Trinity tributaries generally occurs July through 
September (the monthly average in Long King Creek is 0.754 m3/s) while highest stream 
discharge occurs December through February (the monthly average in Long King Creek 
is 5.04 m3/s) (Figure 2). 
Climate 
The area experiences long, hot summers as a result of persistent moist tropical air 
from the Gulf of Mexico.  Precipitation is distributed fairly evenly throughout the year 
(Figure 3).  The humid subtropical climate, which receives nearly 1300 mm of 
precipitation annually (USGS, 2002), supports the Eastern Timberlands and Coastal 
Prairie ecosystems which encompass the lower Trinity River basin (USGS, 2002) 
(defined here as the drainage area downstream of Lake Livingston).  The mean annual 
temperature is 19.1 °C, with a mean winter temperature of 11.6 °C and a mean summer 
temperature of 27.1 °C.  The major precipitation period within east Texas occurs during 
late fall to winter and spring (Riggio et al., 1987).  Every few years in summer or early 
fall, a tropical depression or hurricane will make landfall and move inland causing 
extremely heavy rains for 1 to 3 days (McEwen et al., 1988). 
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 Precipitation during the post-dam period has been anomalously high in the lower 
Trinity Basin (Wellmeyer et al., 2005), although punctuated periods of drought 
conditions have also occurred (Riggio et al., 1987).  A record flood occurred in October 
of 1994.  This storm produced 1047 mm of rain in one day, the highest 24 hour rainfall 
total on record (the storm of record) (Figure 4).  In the following four years, two more 
large rain events occurred with 17 year (1996) and 14 year (1998) recurrence intervals.  
The record rainfalls caused substantial flooding, influencing the geomorphic record in the 
lower Trinity Basin.   
In late September 2005 the lower Trinity basin was impacted by Hurricane Rita.  
Rita produced 117 mph winds at Lake Livingston dam and caused damage to the earthen 
embankment (TRA, 2006).  The heavy rainfall totals coupled with wind and wave 
damage forced the Trinity River Authority (proprietors of the dam) to release near record 
flows (2,243 m3/s) in an attempt to prevent further damage.   
Vegetation 
 The Integrated Land Resource Units (Ulery et al., 1993) of the lower Trinity 
River include the Eastern Timberlands and the Coastal Prairie and Marsh systems (Land 
et al., 1998).  The Eastern Timberlands terrain varies from rolling plain to gently rolling 
hills, and is noted for piney woods.  This ecosystem produces nearly all the commercial 
timber in Texas (Land et al., 1998).  The Coastal Prairie and Marsh terrain is very flat, 
with prairie grasses dominating and stands of hardwoods and pines interspersed 
throughout.   
 The physiognomy of vegetation in east Texas, and especially the coastal prairie 
region is strongly influenced by the presence of streams (Tharp, 1926).  Repeated cycles 
of inundation replenish the bottomland soils with nutrients and supply increased amounts 
of soil moisture.  The vegetational regions of the lower Trinity basin include the 1) Long-
leaf pine; 2) Loblolly pine, short-leaf pine and oak-hickory; and 3) Coastal prairie 
(Bezanson, 2000; Tharp, 1939; TPW, 2005).  Most of the tributary drainages are situated 
in the longleaf pine region.  Hardwoods also occur in this region, typically along stream 
bottoms (Tharp, 1939).  Over the past century the Piney woods region has changed  
drastically, with little virgin forest remaining and most of the area harvested several times 
over (TPW, 2005).   
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Land Use 
In Texas, large-scale conversion of land for agricultural uses began with Anglo-
European settlement in the early to mid nineteenth century.  By the mid-twentieth 
century, farming and ranching operations occupied more than 80 percent of the land in 
the state (Bezanson, 2000).  Agriculture/pasture and forest land are the primary land uses 
in the study area.  Polk and San Jacinto Counties (Figure 2) are about 77 percent 
woodland, 12 percent pastureland, 6 percent water, and smaller percents of cropland and 
developed areas (McEwen et al., 1988).  Hay is the major crop in both Polk and San 
Jacinto Counties (USDC, 1974; USDC, 1987).  Since 1964 the percentage of Polk 
County that is farmed has decreased by over 50%, while in San Jacinto County the 
decrease is slightly less (Figure 5). 
Tributaries (Big Creek, Little Creek, Huffman Creek) on the west side (San 
Jacinto County) of the Trinity River flow through eastern portions of the Sam Houston 
National Forest (Figure 2).  On the east side of the Trinity River (Polk County), Menard 
Creek flows through the southern portion of the Big Thicket National Preserve.  Adjacent 
land use to Menard Creek is dominated by forestry (Land et al., 1998).  The rest of the 
tributaries flow through predominately agricultural/pasture lands (Figure 2). 
Geology 
 The eight tributaries investigated in this study flow through Miocene, Pleistocene 
and Holocene formations (Figure 6).  These formations are composed of gravels, sands, 
silts and clays that are primarily ancestral-river deposits.   
 The Catahoula Formation (Miocene) is a fluvial and lacustrine volcaniclastic unit 
that is poorly sorted siltstone, sandstone, and mudstone composed primarily of quartz and 
with abundant petrified wood (Ledger, 1988; Barnes, 1992).  The Willis and Lissie 
alluviations occurred during the Aftonian Interglacial (~850 ka) and Yarmouthian 
Interglacial (~500 ka) respectively (Blum and Price, 1998).  These two periods of 
elevated sea level were separated by valley cutting on the Texas Gulf Coast during the 
Kansan Glacial.  The Willis and Lissie Formations (Pleistocene) are both of a fluviatile 
nature with clay, silt, sand and very minor siliceous to siliceous rich pebbles, including 
some petrified wood in the Willis Formation (Barnes, 1992).   
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 Fluctuations in sea level related to glacial and interglacial stages during the past 
150,000 years have been responsible for shaping the Texas coastal plain.  The youngest 
Pleistocene depositional surface is Sangamonian in age (Morton, 1988).  These deposits 
represent the interglacial highstand of sea level that preceded the current highstand.  
During this time forest assemblages were very similar to the present pine-dominated 
arboreal flora established under warm-temperate humid conditions (Otvos, 2005).  In 
Texas, the Pleistocene deposits are referred to as the Beaumont Formation.  The 
Beaumont coastal plain appears to be a collage of seamlessly merged surfaces aggraded 
over ~100 ka (ca. 135 – 30 ka) in several alluviation stages (Otvos, 2005).  The 
Beaumont Formation is primarily clay, silt, and sand and includes stream channel, point 
bar, natural levee, backswamp, and small portions of coastal marsh and mud-flat deposits 
(Barnes, 1992).   
 Around 90 ka, as continental glaciers expanded, sea level began falling and the 
major rivers of the Texas Gulf Coast began entrenching their valleys in response to 
lowered baselevel (Morton, 1988).  During the Wisconsian glacial stage a few large 
rivers dominated the landscape and several major deltas prograded across the shelf 
margin. Around 18 ka these deltas were abandoned and transgressed as sea level began to 
rise rapidly.  The rising sea drowned river mouths and flooded the valleys creating bays 
and estuaries along the coastline.  The rivers flowing to the Gulf adjusted to the higher 
sea level by partially filling in their deep valleys (Spearing, 1991).  Referred to as the 
Deweyville Formation (late Pleistocene), these fluvial derived deposits include point bar, 
natural levee, channel, and backswamp deposits at a level slightly above that of the 
present floodplain (Barnes, 1992).  This backfilling of the entrenched coastal plain fluvial 
valleys that began in the late Pleistocene persisted through the Holocene and continues 
today in most of the glacial entrenched valleys along the Texas Gulf Coast (Otvos, 2005).   
 The stable upland soils are mainly Ultisols and Alfisols, more specifically thermic 
Plinthic Paleudults, thermic Arenic Plinthic Paleudults, and thermic Vertic Paleudalfs 
(McEwen et al., 1988).  The stream bottoms are mainly thermic Aquic Udifluvents, 
thermic Typic Fluvaquents, and thermic Aeric Fluvaquents (McEwen et al., 1988).   
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Texas Gulf Coast 
The Gulf coastal plain of Texas is comprised of a dynamic coast that encompasses 
a multitude of depositional environments.  The Texas Gulf Coast (TGC) stretches 590 
km, encompasses thousands of square kilometers of estuaries and bays, and serves as the 
second largest tourist attraction in the state, generating seven billion dollars a year (GLO, 
2002).  Recently though, anthropogenic influences have been suggested as being 
responsible for the degradation of the TGC.  Reduced sediment supply due to 
impoundment of coastal plain streams, coupled with relative sea-level rise, is thought to 
cause disruptions of geomorphic processes that help sustain wetlands (Morton, 1979; 
Davis, 1997).  The seventh largest estuary in the United States (Pulich and White, 1991), 
the Galveston Bay system includes the Trinity Bay, which is the only natural bay-head 
delta (Trinity River) in Texas that has prograded in geologically recent times (White and 
Tremblay, 1995).  
Glacial-eustatic cycles have played a particularly influential role in sea-level 
effects on Texas coastal plain rivers.  It appears that the reaction of coastal plain rivers to 
natural processes is outpaced by anthropogenic alterations to the landscape (such as 
impoundments and fluid withdrawal) (Morton and Purcell, 2001).  In the Trinity Bay, 
White and Tremblay (1995) suggest that subsidence is the controlling factor of wetland 
loss, while recognizing upstream impoundments may also play a significant role.  
Previous studies of impounded streams have shown that impacts are contingent upon 
localized factors, and geomorphic changes downstream of dams may not be predicted 
without considering many variables (Friedman et al., 1998; Brandt, 2000a; Phillips, 
2003a). 
Numerous studies have documented the coastal plain evolution of rivers within 
Texas through the Holocene (Blum and Price, 1998; Rodriguez et al., 1998; Anderson 
and Rodriguez, 2000; Rodriguez and Anderson, 2000; Rodriguez et al., 2001; Rodriguez 
et al., 2000ab), with contemporary studies focusing on sedimentation rates (Longley et 
al., 1994; White et al., 2002), fluvial-coastal systems (Giardino et al., 1995), and 
sediment transport/residence time (Hudson and Mossa, 1997; Phillips, 2001a; Phillips 
and Marion, 2001; Yeager et al., 2002; Phillips, 2003a).  Recognizing that large storms 
often disturb coastal wetlands by causing an acceleration of routinely occurring processes 
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(Conner et al., 1989), while simultaneously providing a mechanism for required natural 
processes (such as nutrient cycling), in the Trinity Bay it has been suggested that 
anthropogenic alterations to the landscape are often more deleterious than natural 
disruptions (Pulich and White, 1991).   
  The sediment delivery to the Trinity Bay is influenced by numerous factors 
including synoptic climatic patterns (location and track of a storm), the response of the 
river to the storm, the dam, and local geomorphic factors.  The response of a river to a 
dam can be directly measured only if monitoring of the river occurred prior to dam 
construction; this is the case for the Trinity River system.  The dam on the Trinity River 
was constructed during a time when active USGS gauging stations were located above 
and below the impounded reach, as well as on two tributaries in the lower basin (Long 
King Creek and Menard Creek) (Figure 2).  Unfortunately, the length of pre-dam records 
of the two gauged tributaries cover relatively short time spans (4 and 2 years).   
 Dams on coastal plain rivers often act as sediment traps, reducing the amount of 
sediment to the coast while catalyzing wetland loss.  An important consideration when 
investigating wetland loss is the source of the sediment that is reaching the bay.  Possible 
sediment sources in the Trinity River system include the upper basin (above the dam) and 
numerous sinks within the lower basin: Trinity channel, floodplain and the tributaries.   
Trinity River 
 Previous work on the modern Trinity River system includes sedimentological 
studies that focused on wetlands in the fluvial-deltaic area (Morton and Paine, 1990; 
White and Calnan, 1991; Solis et al., 1994; Rodriquez and Anderson, 2000; White et al., 
2002).  Coastal land loss in the Trinity/Galveston Bay system has in recent years been 
occurring at rates between 1.5 to >3 m/yr (shoreline retreat) with conversion of marshes 
to open water at a rate of 47 ha/yr (Morton and Paine, 1990; White and Calnan, 1991; 
Morton, 1993; GLO, 2002).  Beach erosion in much of Texas increased in the 1960s 
(Morton, 1977; Morton and Paine, 1990; Davis 1997) and roughly coincides with the 
impoundment of the Trinity and many other TGC streams.   
 Within the lower Trinity basin, studies focusing on dam related effects have 
shown a notable geomorphic impact for at least 50 km downstream of Lake Livingston.  
Between this reach and Trinity Bay an apparent sediment “bottleneck” exists, seemingly 
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buffering the delta/estuary system from upstream sediment regime changes (Phillips, 
2003b; Phillips et al., 2004; Phillips and Slattery, 2006).  The reach of river where the 
“bottleneck” exists is characterized by large sandy point bars, an increased occurrence of 
oxbow lakes and meander scars, and the channel thalweg is near or below sea-level.  This 
fluvial-estuary transition zone has been reworked numerous times through the Holocene 
(Anderson and Rodriquez, 2000) and has migrated the “mouth” of the river as much as 
200 km in the upstream-downstream direction (Thomas and Anderson, 1994; Phillips et 
al., 2004; Phillips and Slattery, 2006).   
 Livingston Dam has been shown to have a minimal impact on the downstream 
flow regime of the Trinity River (Wellmeyer et al., 2005).  While no changes in high 
flow conditions exist following impoundment, low flows have been shown to be slightly 
elevated.  The post-dam period, however, is characterized by considerably higher 
amounts of precipitation and might be masking the complete impact of flow regulation 
(Wellmeyer et al., 2005).   
 Channel activity and planform change in a reach of the lower Trinity between 
Romayor (~55 km downstream of the dam) and Liberty (~120 km downstream of the 
dam) was also described by Wellmeyer et al. (2005).  Using a GIS approach, they 
quantitatively investigated the nature of channel planform change.  Historic air photos 
were used to determine a pre-dam baseline of planform change; photos from the post-
dam period were used to document the subsequent planform adjustments.  The Trinity 
River’s planform adjustment in this reach was shown to be slow and gradual, possibly not 
apparent in the modern time scale, or not affected because of distance decay.  The 
channel activity rates did not indicate a more stabilized planform following impoundment 
(Wellmeyer et al., 2005).   
 Cross-sectional morphological changes were investigated in the lower basin by 
Phillips et al. (2005).  While high and moderate flows were not altered by the dam 
(Wellmeyer et al., 2005), sediment transport was greatly affected.  Livingston Dam has a 
trap efficiency of 81 percent, based on the curve of Brune (1953).  The principal sources 
of evidence used to determine channel adjustments included resurveys of channel cross-
sections at highway bridge crossings, and field indicators of degradation/erosion and 
aggradation/sedimentation.  The channel response, which is limited to about 60 km 
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downstream of the dam, is characterized by incision, widening, coarsening of channel 
sediment and a decrease in channel slope (Phillips et al., 2005). 
Summary 
 The Texas gulf coastal plain has always been a location of dynamic geomorphic 
change.  Sea-level and climate have consistently been underlying causes creating 
geomorphic change in the coastal plain.  More recently, though, anthropogenic actions 
allow for opportunistic experiments in which geomorphic change may be examined.  In 
the lower Trinity River basin of southeast Texas, the damming of the river has created 
noticeable downstream change.  Sediment budgets show an indication that sediment 
supply is less than transport capacity for at least 60 km downstream from the dam 
(Phillips et al., 2005).  This “hungry water” effect has caused degradation within the 
Trinity channel and through coupling has likely affected the lower basin tributaries.  
Therefore, the critical issue of this study will be the investigation of the response of 
Trinity River tributaries to the Lake Livingston impoundment and resulting changes in 
the river channel.   
 The evidence used in this study comes from a variety of sources, methods, and 
techniques.  Published discharge and sediment data from the United States Geological 
Survey and the Texas Water Development Board were analyzed for possible dam 
influences.  Using data from the National Climatic Data Center (part of the National 
Oceanic and Atmospheric Administration), precipitation was also considered as an 
alternative cause of change in the lower Trinity basin.  Historical aerial photos from the 
United States Department of Agriculture and digital orthographic quarter quadrangles 
from the Texas Natural Resources Information System were examined to assess temporal 
planform change at certain locations within the lower basin.  Cross-sectional change at 
thirteen sites was studied by acquiring data for stream and road intersections (bridge 
crossings) from the Texas Department of Transportation.  Extensive field work over a 
four year period also allowed for the description of numerous geomorphic indicators of 
change.   
 In the following chapters the results will be presented and discussed and a 
qualitative model of confluence effects following mainstem impoundment is developed.  
Based on Lane’s (1955) relation to analyze river morphology adjustment, and Brandt’s 
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(2000a) classification and qualitative predictive model of channel changes downstream of 
dams, six cases that may occur at a tributary/trunk stream confluence are offered.  These 
six cases illustrate the potential effects that an impounded trunk stream may cause on the 
tributary stream and the possible responses within that system.   
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 Figure 1. Texas river basins highlighting the Trinity River (note: the dark shaded areas 
along the coast represent coastal basins with numerous tributary and distributary systems 
throughout). 
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CHAPTER TWO: THEORY 
 
Nonlinear and Complex Responses 
 The concept of complex response was introduced by Schumm (1973) as a way to 
describe changes within a fluvial system.  Within Schumm’s definition, a system in 
dynamic equilibrium must be subject to an application of an external stimulus.  This 
stimulus can be the result of anthropogenic influences, climate change, tectonics, or 
isostatic adjustments.  “Within a complex natural system, one event can trigger a 
complex reaction as the components of the system respond progressively to change” 
(Schumm, 1973).  The concept has been extended to provide an improved approach for 
the study of river channel adjustments (Petts, 1982).   
 Describing channel pattern and change in Jones Creek, Australia, Cohen and 
Brierley (2000) described a three-phase response caused by channel incision.  In their 
study, complex responses within the fluvial system were propagated through trunk stream 
adjustments to cause complex tributary reactions.  At its confluence with Jones Creek 
(tributary) the Genoa River (mainstem) widened nearly 200% following the flood of 
record in 1971.  Trunk stream widening shortened the course of the tributary stream and 
caused incision and bed steepening.  Channel changes over a 25 year period have resulted 
in a drastic increase in cross-sectional area, while channel depth has progressed through 
phases of degradation and aggradation.  The three phases of tributary adjustment have 
included: 1) incision as a result of increased stream power related to increased mean 
depth, 2) followed by channel widening and, 3) finally, a reduction in sinuosity and a 
continued increase in slope (Cohen and Brierley, 2000).   
 Xu’s (1990) adjustment process of a complex response following a trunk stream 
impoundment was illustrated using temporal variations in channel parameters: river and 
bank resistance, point-bar resistance, stream width, width-depth ratio, channel gradient, 
and sinuosity.  While Xu (1990) does not address tributary reactions downstream of a 
dam, his model does describe river channel adjustment downstream from a reservoir 
using the concept of complex response.  Xu related river channel changes in different 
stages by describing nonlinear responses of hydraulic geometry parameters.  Xu’s 
complex response in river channel adjustment downstream of a reservoir results from 
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interconnections and feedbacks among the system components.  “The feedback 
mechanisms make the adjustment follow a complex course, but eventually leads the 
system to a new stable state” (Xu, 1990).   
 Both Cohen and Brierley’s (2000) and Xu’s (1990) descriptions of complex 
responses imply nonlinearity within their fluvial systems.  Cohen and Brierley describe a 
threshold of landscape stability that when breached led to bedlevel incision and increases 
in bedslope.  Feedbacks between changing boundary conditions within Xu’s model of 
channel adjustment are used to transfer from one stage to another.  Thresholds and 
feedbacks are two ways in which nonlinearity may be manifested within a system.  
Therefore, as described by Cohen and Brierley (2000) and Xu (1990), complex responses 
within a system imply that the system is not reacting linearly to a perturbation.   
 A system may be nonlinear if the outputs (of energy and/or matter) are not 
proportional to the inputs across the entire range of inputs (Phillips, 1992; 2003c).   
Nonlinear behavior in earth surface systems provides many possibilities for complex 
behavior not possible in linear systems.  Nonlinear responses may be manifested within a 
system due to thresholds, storage effects, saturation and depletion, self-reinforcing 
positive feedback, self-limiting processes, opposing or competitive interactions or 
feedbacks, multiple modes of adjustment, self-organization, and hysteresis (Phillips, 
2003c).  Fluvial systems, with their many interacting variables, offer many opportunities 
for recognition of complex system behaviors.   
 The sources of nonlinear behavior should not necessarily be considered 
independent, and some geomorphic systems may reflect more than one source.  Storage 
effects and multiple modes of adjustment have been identified as nonlinear behavior in 
the mainstem Trinity system (Phillips et al., 2004; 2005).  The tributaries in the lower 
Trinity River basin may also be responding nonlinearly to system changes through 
storage effects and multiple modes of adjustment.   
Storage Effects 
 Storage effects, or delayed or lagged responses in a system, may introduce 
nonlinear responses.  The storage of sediment within fluvial systems can create lags 
between weathering, erosion, transport, and sediment production at basin outlets.  In 
coastal plain fluvial systems, alluvial storage may buffer the system to change and create 
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a lag response between the system inputs and outputs.  Sediment budget studies in the 
lower Trinity basin have shown large amounts of sediment are in storage in the lower 
basin (Phillips et al., 2004).   
Multiple Modes of Adjustment 
 In a linear system only one mode of adjustment or equilibrium may exist with a 
certain set of external controls or inputs.  Nonlinearity within a geomorphic system may 
arise from numerous degrees of freedom, where many variables or components may vary 
in response to external changes (Phillips, 2003c).  Hydraulic geometry of stream 
channels, with its several variables that may adjust simultaneously to changing flow 
conditions is an example of multiple modes of adjustment (MMA) (Phillips, 1991).  In at-
a-station hydraulic geometry, where only hydraulic variables are considered, MMA are 
likely and the system has been shown to be unstable (Phillips, 1990, 1991; Miller, 1991). 
Complex responses in the form of MMA of at-a-station channel adjustments at locations 
downstream of impoundments have been shown in rivers in China (Xu, 1996) and 
England (Petts, 1979; 1982).   
Complex Responses of the Lower Trinity River 
 Within the lower Trinity River system, the impoundment has caused changes 
within the sediment dynamics and hydraulic geometry (White and Calnan, 1991; Solis et 
al., 1994; Phillips and Musselman, 2003; Phillips et al., 2004; Phillips et al., 2005).  The 
responses that have occurred subsequent to that perturbation may not be directly spatially 
and/or temporally linked, but may be described using the concept of complex response.   
 In the lower Trinity system, nonlinear responses of hydraulic geometry 
parameters are occurring at locations surveyed downstream of the impoundment.  Phillips 
et al. (2005) applied the unstable hydraulic geometry model (Phillips, 1990; 1991) at 
sixteen cross-sections between the Livingston dam and Liberty and showed at least nine 
different modes of adjustment with respect to increases, decreases or lack of change in 
width, depth, slope and roughness.  The nonlinear-complex responses at these locations 
on the Trinity River and the implied geomorphic changes occurring between these sites 
may affect the tributaries through coupling processes.  Changes in the baselevel of a 
tributary stream may be caused by increases and decreases in the width, depth and slope 
of the reach of the Trinity channel where a tributary flow enters.   
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Lower Trinity River 
 Studies of suspended sediment records by White and Calnan (1991), Solis et al. 
(1994) and Phillips et al. (2004) suggest that Livingston dam has significantly reduced 
downstream sediment transport in the Trinity River at Romayor (Figure 2).  “Hungry 
water” downstream of dams appears to be a ubiquitous response.  Hungry water, water 
with unfilled sediment transport capacity, has a natural action which causes erosion 
within a stream.  Channel degradation and scour often result from hungry water 
(Kondolf, 1997), and these have occurred in the lower Trinity (Phillips et al., 2005).  
Problems with channel scour are evident immediately downstream of the Livingston Dam 
(where a new splash basin was installed ca. 2002) (Figure 7) and at bridge crossings near 
Goodrich and Romayor (Figure 2) where subsequent repairs and replacements have 
occurred in response to channel scour (Figure 8).   
 The contemporary Trinity River has extensive evidence of a dynamic sediment 
regime with active channel bank erosion and point bar accretion.  The lower Trinity is an 
active river now and has been throughout the Quaternary.  The floodplain contains 
evidence of historical channel change in the form of numerous oxbow lakes and meander 
scars.   
 Within the lower basin, Lake Livingston has had little effect on the downstream 
discharge compared to pre-dam conditions (Phillips et al., 2005).  Wellmeyer et al. 
(2005), using flow duration curves (from the Romayor gauging station), show that there 
is no pre- versus post-dam change in high flows, while lower flows have increased in the 
post-dam era.  The increased low flow in the lower basin during the post-dam period 
might be caused by elevated amounts of precipitation during this time (Wellmeyer et al., 
2005).  While the dam has minimally affected discharge, the dam significantly disrupted 
the transport of sediment to the lower Trinity River and the bay/estuary system.  A 
sediment budget of the lower basin showed that the effects of the dam on sediment 
transport is compensated for and little to no dam related effects are detectable beyond 52 
km downstream from the dam (Phillips et al., 2004).  In the lower reaches of the Trinity 
(between ~60 and 175 km downstream from the dam), it appears that coastal processes 
and sea-level are overriding and acting as more influential controls on the coastal plain 
fluvial system (Phillips et al., 2004; 2005).
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Modeling Changes Downstream of a Dam 
  Models that predict downstream channel change in regulated rivers have 
generally been based on hydraulic geometry or regime theory.  Hydraulic geometry is the 
consideration of the variations in width, depth, velocity, and other hydraulic parameters 
in response to changes in imposed water and/or sediment discharges (Leopold and 
Maddock, 1953).  Hydraulic geometry approaches may be used to address changes 
within, and understanding of, fluvial process-response relationships (Phillips, 1991).  
This approach of modeling mutual adjustments of fluvial systems can also be used to 
predict channel response to environmental change.   
In 1953, Leopold and Maddock published a study which analyzed thousands of 
measurements from stream gauging stations all over the United States.  The purpose of 
this study was to determine the statistical relationships between discharge and other 
variables of open channel flow.  Every river has fluctuations in discharge.  Because of 
these fluctuations, channel cross sections must be able to transport the full range of flows 
that come from upstream.  Therefore, discharge serves as an independent variable at any 
station, and changes in width, depth, velocity, or other variables can be observed over a 
wide spectrum of discharge conditions.  The relationships between discharge and the 
other dependent variables are related in the form of simple empirical power functions: 
w = aQb               (1) 
d = cQf               (2) 
v = kQm               (3) 
s = gQz               (4) 
n = tQy               (5) 
Qsusp = rQj               (6) 
where w, d, v, s, n, Qsusp are, respectively, width, mean depth, mean velocity, slope, 
resistance and suspended sediment load (Leopold and Maddock, 1953).  From the 
continuity equation, 
  Q = wdv = aQb cQf kQm = (ack)Q(b+f+m)           (7) 
and it follows that 
  ack = 1               (8) 
and 
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  b + f + m = 1               (9) 
While it has been shown that the exponent values differ with climate and geology, and 
average values will not fit any particular stream, they do suggest what portion of the 
increase in discharge will be caused by an increase in each of the component variables 
(Ritter et al., 1995: 205).   
 At-a-station hydraulic geometry compares hydraulic geometry variables based on 
differences in discharge.  Many studies have compared river cross sections from various 
geographic settings, and certain ranges of values for the exponents have been established 
(Leopold et al., 1995: 217).  Further, it has been suggested that the exponents (b-f-m) can 
be used to delineate channel types (Rhodes, 1977).  While the proportion of the increase 
in discharge accounted for by each of the variables is not necessarily consistent from one 
flow event to another (Phillips, 1990), at-a-station hydraulic geometry does indicate or 
predict general trends, but not definitive rules to describe stream channel adjustment 
(Ritter et al., 1995: 205).   
 As a result of the many variables needed in attempting to describe the adjustments 
to internal geometry of a fluvial system, hydraulic geometry was developed as a 
technique to address certain aspects of that adjustment (Knighton, 1998: 155).  This 
technique can be applied to both at-a-station and downstream adjustment.  Based on an 
empirical procedure, hydraulic geometry does not give direct consideration to sediment 
load and it assumes linearity in the relations (Richards, 1973, from Knighton, 1998: 156).  
Also, it has never been shown that the relationships expressed in hydraulic geometry 
equations must be in the form of power functions (Lamberti, 1988; Phillips, 1990).  
“Nevertheless, hydraulic geometry has provided valuable insights into stream behavior 
and represents one methodology for breaking into a system with more unknowns than 
independent equations” (Knighton, 1998: 156). 
 “Theoretical research on hydraulic geometry has typically relied on ‘extremal’ 
hypotheses to identify system constraints or boundary conditions for estimation of the 
coefficient values in the power functions” (Phillips, 1990).  Extremal hypotheses are 
“postulates about river behavior intended to solve the problem of obtaining equilibrium 
relationships which the physical equations of continuity, resistance and sediment 
transport cannot by themselves provide” (Knighton, 1998: 160).  Further, extremal 
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hypotheses are often used to explain the self-adjusting mechanisms of alluvial channels 
(Huang and Nanson, 2000).  
 Within alluvial rivers, there are nine degrees of freedom that allow a channel to 
adjust through erosion and deposition: average bankfull width, depth, maximum depth, 
height and wavelength of bedforms, slope, velocity, sinuosity, and meander arc length 
(Hey, 1988).  The attributes within a system that control the channel dimensions are the 
discharge, bed material load, caliber of the bed material, bank material, bank vegetation, 
and valley slope (Hey, 1988).  In a system with nine degrees of freedom, nine governing 
equations would be required to compute a determinate solution.  Phillips (1990) 
examined the qualitative stability of the nine degrees of freedom system and collapsed it 
into four hydraulic variables (velocity, hydraulic radius, slope, and friction factor).  
Employing these variables, empirical approaches and ‘extremal hypotheses’ have been 
relied upon to address hydraulic geometry issues.   
 Several extremal hypotheses have been proposed because of the belief that the 
basic flow relationships of continuity, resistance and sediment transport are not sufficient 
to explain relatively stable channel geometries within highly adjustable alluvial rivers 
(Huang and Nanson, 2000).  Extremal hypothesis such as maximum sediment transport 
rate (Kirkby, 1977; White et al., 1982), minimum energy dissipation rate (Brebner and 
Wilson, 1967; Yang et al., 1981), minimum stream power (Chang, 1980), minimum unit 
stream power (Yang, 1976), and maximum friction factor (Davies and Sutherland, 1983) 
are often used to explain the self-adjusting mechanism of alluvial channels (Huang and 
Nanson, 2000).  These five hypotheses for at-a-station hydraulic geometry have been 
shown to be equivalent in terms of implied responses to changing discharge (Phillips, 
1991), while others have also equated various combinations of the hypotheses (Davies 
and Sutherland, 1983; Bettess and White, 1987; Hey, 1988).   
Predictive Models 
 A variety of models have been applied to predict or interpret downstream 
changes.  In the qualitative sense, most of these models are consistent with the conceptual 
models of Lane (1955) and Schumm (1969) (Brandt, 2000b; Petts and Gurnell, 2005; 
Phillips et al., 2005) and are based on a steady-state equilibrium concept.  Lane’s (1955) 
simplified relation used to analyze adjustments of river morphology was expressed as: 
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   LD ~ QS            (10) 
where L is sediment load, D is bed-material grain size, Q is water discharge, and S is 
slope.  In the situation of a river downstream of a dam where sediment load decreases and 
Q is unchanged (as is the case downstream of Livingston Dam), the bed should become 
coarser and/or the slope should decrease.   
 A classification and qualitative predictive model of channel changes downstream 
of dams was developed by Brandt (2000a).  Brandt identified nine cases based on 
changes (increased, decreased, or constant) in discharge and sediment load relative to 
conveyance capacity (load greater than, equal to or less than capacity).  In the lower 
Trinity, his model predicts that the cross-sectional area of flow will not change much, but 
the channel shape and position may change as “hungry water” scour dominates bank 
and/or bed erosion.   
 A three-stage adjustment process of complex responses is predicted downstream 
of a reservoir in Xu’s (1990, 2001) model.  Xu’s model assumes clear water scour 
downstream of a dam will cause 1) a decrease in width/depth ratio and channel slope, 
coupled with an increase in channel sinuosity; 2) feedbacks leading to increasing w/d 
ratios and decreasing sinuosity and a slowdown in the rate of slope change; and 3) a third 
stage characterized by a new stable equilibrium.   
 The stable hydraulic geometry model, in which a single “equilibrium” response to 
a disturbance exists, has been used by some to suggest a river’s possible recovery from a 
disturbance to some predisturbed or “quasi-equilibrium” state (for examples see: Kesel 
and Yodis, 1992; Yodis and Kesel, 1993).  Characterized by multiple modes of 
adjustment, the unstable hydraulic geometry model proposed by Phillips (1990; 1991) 
suggests that at-a-station hydraulic geometry of alluvial river channels is inherently 
unstable.  This implies that changes in channel geometry in the form of qualitative 
combinations of increases, decreases and no significant changes will occur within the 
channel in the modes of width, depth, slope, and roughness, and will likely persist in 
response to perturbations within the system.  With many complex contingencies 
involved, the response to changes in imposed flow will be variable depending upon time- 
and location-specific processes and controls (Phillips, et al., 2005).   
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Model Predictions 
 Downstream of Livingston Dam, Lane’s relationship predicts that as sediment 
load decreases and Q is unchanged, the bed must become coarser and/or the slope should 
decrease.  Below Livingston Dam, the Trinity River’s slope has decreased and the grain 
size has coarsened post-dam (Phillips et al., 2005).   
 Brandt’s (2000a) framework predicts widening and/or incision to occur in the 
mainstem during post-dam adjustments.  At numerous cross-sections downstream of the 
dam, evidence of either widening or incision or both have been observed (Phillips et al., 
2005).   
 Xu’s (1990, 2001) model predicts a decrease in slope and width/depth ratio, 
coupled with an increase in sinuosity.  Wellmeyer et al. (2005) showed there is no 
significant change in sinuosity in the lower Trinity River attributable to the dam effects.  
Slope decreases have occurred, and decreases in width/depth ratio are variable depending 
upon local conditions (Phillips et al, 2005).   
 The unstable hydraulic geometry model of Phillips (1990; 1991) suggests that 
downstream channel adjustment should be characterized by multiple modes of adjustment 
rather than a single ‘equilibrium’ response.  At seven cross-sections in the lower Trinity, 
Phillips et al. (2005) showed five qualitatively different modes of adjustment with respect 
to increases, decreases or lack of change in width, depth, slope and roughness.   
 Brandt’s and the equilibrium models successfully predict the qualitative channel 
responses downstream of Livingston Dam.  The unstable hydraulic geometry model is 
also confirmed.  Xu’s sequence has not been shown to apply to the lower Trinity (Phillips 
et al., 2005).   
 While these models may effectively predict channel response downstream of a 
dam in a general qualitative way, they do not directly address tributary responses, though 
they may indicate the trunk stream changes to which the tributary responds.  Tributary 
responses to imposed trunk stream conditions are simply implied through the confluence-
reach effects on the impounded mainstem.   
Tributary Model Development 
 The quantitative models that rely on hydraulic geometry and regime theory vary 
significantly in their predictions (Phillips et al., 2005).  Brandt’s (2000b) review suggests 
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that one reason a contrast exists in these models is the disagreement over which water-
discharge value to be used.  Bank-full flow, mean discharge and dominant discharge have 
all been suggested as the flow parameter that maintains channel form.  Bank-full flow 
(e.g., the flow which completely fills the channel from banktop-to-banktop) is often 
presumed to be the dominant factor for channel forming, as flow in the river is usually at 
a minimum resistance and at a maximum bedload transport rate (Carling, 1988).  
Alternatively, mean discharge (e.g., the average of flow for the period of record) may be 
a better parameter to describe bedforms and bedform adjustments (Brandt, 2000b).  
Dominant discharge was defined by Scheuerlein (1995) as the discharge at which 
sediment transport ability and duration become maximized.  Since discharge can vary 
drastically in rivers any of these three types of flow conditions might be the best 
parameter to employ in a given model, depending upon the results desired (Brandt, 
2000b).   
 Brandt (2000a) used Lane’s relationship (equation 10) and extended it to describe 
nine cases to explore further the cross-sectional effects due to dam construction.  Framing 
this structure as second-order changes in the trunk stream (e.g. Petts, 1987), Brandt’s 
(2000a) relationships of sediment load, stream capacity, and discharge were used to 
postulate nine cases of possible resulting cross-sectional morphologies.  Applying a 
similar framework to cross-sections at tributary mouths, I have suggested six possible 
cases that may occur within an alluvial system, downstream of an impoundment.  The six 
cases are used here to qualitatively model confluence effects in downstream reaches of a 
dammed alluvial river with “hungry water”.  This approach is similar to the classification 
and qualitative predictive model of channel changes downstream of dams developed by 
Brandt (2000a).  The heuristic model offered below illustrates the numerous resulting 
cross-sectional and channel changes possible after impoundment.  The six cases in the 
model were chosen because previous work on downstream dam effects indicated a lack 
of attention toward the affect of trunk stream morphometric changes on tributary stream 
morphometry.   
Model Controls 
 The role a tributary plays within the dynamics of an impounded fluvial system 
will vary depending on many factors.  Distance from an impoundment, magnitude of the 
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discharge in both the tributary stream and the trunk stream and vegetation all affect the 
tributary’s reaction to trunk stream change downstream of an impoundment.  With a 
disturbance to the trunk stream, and the subsequent changes in the sediment dynamics 
(shifts in the sinks and sources), the migration of that disturbance will be translated to the 
tributary streams in the form of some response (Figure 9).  Water discharge in the 
impounded trunk stream and trunk stream baselevel are the independent parameters 
considered qualitatively within the six different cases of the confluence effects model.   
Water Discharge 
 Below an impoundment, discharge will vary depending upon the management 
practices and purpose of dam construction.  Variations in flow from one dam to another 
can be dramatic depending upon the magnitude and duration of flow releases.  Situations 
in which dams are managed to attenuate flooding impacts may have drastically different 
effects than a dam that is essentially flow through, such as the Livingston Dam.  At some 
dams, all or nearly all the water may be withheld (for example, Sanford Dam on the 
Canadian River, Texas, below which mean annual discharge decreased by 76% after dam 
installment) (Bonner and Wilde, 2000).  Below these types of structures, flow comes 
from tributary inflow, springs, ground water, and any drainage through the dam 
(Williams and Wolman, 1984).  At hydropower dams, water may be released sporadically 
throughout the year depending upon energy demands (for example, Harris Dam on the 
Tallapoosa River, Alabama) (Irwin and Freeman, 2002).  Alternatively, water supply 
dams such as Livingston Dam may have minimal impacts on water discharge as shown 
by Wellmeyer et al. (2005).   
Baselevel 
 Tributaries are affected by the upstream impoundment of a trunk stream as the 
trunk stream adjusts morphometrically to altered sediment transport regimes.  As “hungry 
water” fills its appetite, the channel will either erode laterally (i.e. widen) or vertically 
(i.e. deepen).  This channel adjustment will cause a change at a confluence within this 
adjusted trunk stream reach.  The trunk stream’s morphometric adjustment will affect the 
tributary stream’s baselevel.  Upstream coupling processes between the trunk and 
tributary streams will relate the propagation of change up the tributary (Harvey, 2002).  
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 Baselevel Rise 
 The responses a tributary stream experiences will vary depending upon the 
reaction of the trunk stream to a perturbation.  For example, if the reaction of the reach of 
the trunk stream being impacted is to aggrade, there will be no effect to the tributary 
stream beyond the backwater effects (Leopold and Bull, 1979; Brandt, 2000a; Harvey, 
2002).  Backwater effects at a confluence may cause aggradation within the mouth of the 
tributary.  Aggradation occurs over time as competency decreases within the tributary 
stream through a decrease in the water surface slope.  This is similar to the upstream 
effects of dam installation and sedimentation in reservoirs.  Loss of competency as flow 
enters a reservoir happens because of the alteration of the river’s gradient and the 
subsequent depositional effects are well known (Graf, 2005).  At confluences, 
preservation of backwater deposits is dependent upon the timing and magnitude of 
successive flow events.  Backwater deposits are often obliterated by subsequent rises in 
discharge with higher competencies (Greenbaum et al., 1998).   
 Baselevel Fall 
 The slope of a tributary stream will be affected similarly when the reach of the 
trunk stream where the tributary enters either incises or widens.  Both trunk stream 
widening and incision will cause a tributary’s slope to increase (Figure 10).  As a trunk 
stream widens at the confluence with the tributary, the tributary’s length shortens (x1 to 
x2 in Figure 10) and an overall increase in slope occurs.  Incision of a trunk stream at a 
confluence with a tributary will cause a localized lowering of baselevel, increasing relief 
(y1 to y2 in Figure 10) in the tributary and subsequently increasing the slope of the 
tributary system.  Both trunk stream channel incision and widening will affect a 
tributary’s baselevel similarly.   
 The varied tributary response is contingent upon many factors which include, but 
are not limited to, substrate, vegetation, climate, floodplain reaction, and the magnitude, 
rate and duration of change.  According to Schumm (1993), the magnitude of the 
baselevel change (small versus large vertical change) is the most important factor 
controlling the response.  If baselevel is lowered a small amount, a channel can adjust to 
the change in slope by changing channel dimensions, roughness and pattern.  If the 
change is large, river incision is likely to occur, and possibly rejuvenate the entire basin.  
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The rate of change has been studied in some experimental work (Yoxall, 1969; Wood et 
al., 1993), which demonstrated that rapid lowering of baselevel causes vertical stream 
incision.  When the change happens slowly, lateral migration allows the channel to adjust 
its slope.  The duration of change is inherently linked to both magnitude and rate.  If the 
duration is long, the rate will be slow and a multitude of fluvial system adjustments may 
accommodate the effects of the long-term baselevel change (Wood et al., 1993).  
However, a baselevel lowering that is large, rapid and short will be significant and likely 
to affect the entire tributary basin.  A fluvial system response to a large, rapid and short 
baselevel drop was described by Kesel and Yodis (1992) and Yodis and Kesel (1993) in 
the St. Catherine Creek and Homochitto River systems in Mississippi.  The river response 
to this perturbation included 5 m of channel incision, a 4.5-fold increase in bankfull 
width, and a fourfold increase in point bar size. 
Confluence Effects Model 
 The confluence effects are grouped into six cases according to changes in 
impounded trunk stream water discharge, Q, and qualitative increases in channel depth or 
width.  Resulting geomorphological impacts in the tributary mouth are shown in the 
Confluence Effects Model (CEM) (Table 1).  The CEM assumes prior to dam 
construction, the load transported and the transport capacity of the flow were in 
equilibrium.  The balance between sediment load and transport capacity typifies a stable 
alluvial channel (Brandt, 2000a).  Neglecting local (geomorphic, ecologic and geologic 
setting as well as land use/cover) and historical factors is implied in this assumption. The 
assumption that an alluvial channel is under equilibrium conditions simplifies a coastal 
plain fluvial system that is responding to constant internal and external system 
components.  However, assuming stability before the imposed perturbation makes the 
CEM more universally applicable as local and historical contingencies may be 
temporarily suppressed.  If an alluvial channel is not stable prior to the impoundment, the 
CEM may not apply to downstream tributary confluences.   
 Tributary streams that enter a mainstem stream below an impoundment with 
decreased or equal water discharge (Case 1, 2, 3, 4) may have similar responses in width, 
depth, slope, roughness, bed level, backwater effects, and cross-sectional area (Table 1).  
The differences among these cases arise when the delta and alluvial interactions with the 
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trunk stream are considered.  Within Case 1, unaltered flow from the tributary will 
continue to transport sediment at its pre-dam quantity and rate to the confluence.  At the 
confluence, decreased Q in the trunk stream will not have the capacity to transport the 
sediment and aggradation will occur.  The same situation is likely to occur, but to a lesser 
degree in Case 3.  In Cases 2 and 4, aggradation or degradation of the delta may occur 
depending upon the magnitude of the width adjustment in the trunk stream.  When the 
trunk stream widens the previously existing delta deposits may be removed or the delta 
may aggrade, contingent upon local conditions (e.g., bank material strength, bank 
vegetation type and density, etc.).   
Tributaries that enter a mainstem stream below an impoundment with increased 
water discharge, but different morphological adjustments in width or depth (Case 5, 6), 
will likely have similar responses in confluence effects (Table 1).  The similarity between 
Cases 5 and 6 and the confluence effects are caused by similar responses to baselevel 
change (e.g. lowering).  Increased Q in the mainstem will cause increased competency 
and conveyance and thus transport delivered sediment at tributary mouths, degrading any 
tributary delta deposits.  Backwater effects at the confluence may or may not change 
depending upon the magnitude of increase in Q.   
Lake Livingston has been shown to have negligible impacts on discharge in the 
lower Trinity River.  This implies that any confluences in the affected reach below Lake 
Livingston will be classified as either Case 3 or 4.  Based on the model, the 
geomorphological difference between Case 3 and 4 arises when considering the delta 
state.  In Case 3, the tributary stream should have an aggrading delta, while in Case 4 
delta aggradation or degradation will depend upon local conditions.   
Hydraulic relationships such as stream power and critical shear stress will 
influence the resulting morphometric changes in the tributary mouths.  Cross-sectional 
stream power is 
Ω = γQS              (11) 
where γ is the specific weight of water, Q the discharge and S the slope.  Ω represents the 
total transport capacity of the stream at a given cross-section as a rate of energy 
expenditure.  The stream power per unit weight of water is  
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Pu = γQS/γwd = VS             (12) 
where w is width and d is depth of flow.  Critical shear stress may also be considered to 
describe the changes occurring within the tributary mouths in the CEM.  Mean bed shear 
stress is 
τ = γRS              (13) 
where γ is the specific weight of water, R the hydraulic radius and S the slope.   
Both stream power relationships would suggest that as slope increases in the 
tributaries stream power should increase.  The same follows for shear stress, as slope 
increases so should shear stress.  Logically, increased stream power and shear stress 
should lead to incision in the tributary and not aggradation at the mouth.  Local 
conditions though, including channel accommodations in width and depth (through the 
variables Q and R), cross-sectional area and roughness, will also influence the 
relationship between aggradation and degradation. 
Model Considerations 
While stream power suggests specific responses, the CEM suggest for all six 
cases that responses will vary depending upon the magnitude, rate, and duration of 
change.  If small changes occur in either direction (increase or decrease) from the pre-
dam Q, tributaries downstream of that disturbance will likely adjust morphometrically so 
that little to no change is detectable.  If the post-dam Q in the mainstem is altered 
drastically, significant changes at the tributary confluences should be expected.  The rate 
and duration of change in an impounded mainstem stream are contingent upon many 
localized factors.  In general, a change that happens rapidly and over a short period will 
cause a greater morphometric impact at a confluence than a slow and extended change.   
Distance decay and relaxation time also need to be considered when investigating 
post-disturbance system adjustments.  The response of a fluvial system to a point-
centered perturbation can be expected to begin at that spot and propagate downstream.  
Distance decay occurs through space as the effects of a perturbation causing change in a 
system decrease further from the location of the disturbance.  Downstream of a dam the 
impact should decrease as the contribution of non-regulated basin area increases (Petts, 
1980).  A study of localized baselevel change showed that its effects die out with distance 
(Leopold and Bull, 1979).  While the most significant channel change often occurs 
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immediately downstream of a dam, major channel adjustments further downstream may 
require several decades to develop (Andrews, 1986).  In general, effects within a system 
will be dampened with larger distances from, and longer time since, a perturbation.   
 The relative size difference between tributary and trunk stream will also influence 
confluence effects in both the tributary and regulated mainstem.  In general, confluence-
related changes in channel and valley morphology of an impounded trunk stream should 
be expected to increase with the size of the tributary relative to the trunk stream (Benda et 
al., 2004).  These changes are induced by larger sediment and flow influxes.  Under 
certain conditions, smaller tributaries may have increased confluence effects in post-dam 
periods where flow is reduced in the mainstem (Melis et al., 1995).   
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Table 1. Morphometric changes in the tributary mouth at a confluence with an 
impounded alluvial stream with sediment load less than transport capacity. If discharge 
in the impounded trunk stream is decreased and the main channel adjusts to the new 
hydrologic conditions by increasing its width (Case 2), the tributary response will be an 
increase in slope, decrease in bed level and backwater effects, and variable changes in 
width, depth, roughness and cross-sectional area, and the delta may aggrade or degrade.  
  Mainstem morphometric adjustment with sediment load less than transport capacity 
  -Q -Q oQ oQ +Q +Q 
 Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 
  (+ depth) (+ width) (+ depth) (+ width) (+ depth) (+ width) 
Tributary response at mouth       
Width ± or o ± or o ± or o ± or o ± or o ± or o 
Depth ± or o ± or o ± or o ± or o ± or o ± or o 
Slope + + + + + + 
Roughness ± or o ± or o ± or o ± or o ± or o ± or o 
Bed level D D D D D D 
Backwater effect - - - - ± or o ± or o 
Cross-sectional area ± or o ± or o ± or o ± or o ± or o ± or o 
Delta state A A or D A A or D D D 
(-) decrease, (o) no change, (+) increase; D = degradation, A = aggradation, Q = water discharge  
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Figure 7. Splash basin installed in front of Livingston Dam, 2002.  
 
Figure 8. Bridge repair on the Trinity at Romayor. 
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CHAPTER THREE: METHODS 
 
Methods 
Responses of tributaries will be determined based primarily on five types of data: 
published discharge and sediment load data, alluvium, planform change as measured 
from aerial photographs, resurveys of bridge cross-sections, and field mapping of 
indicators of geomorphic change.  These are described in more detail below.   
Published Discharge Data 
Alterations in discharge are one of the most frequently cited changes that occur 
within a river upon impoundment.  Examining data gathered from both the United States 
Geological Survey (USGS) and Texas Water Development Board (TWDB), flow 
characteristics of the pre- and post-impoundment periods were examined to determine if 
any changes have occurred within the tributary streams.  For example, some studies have 
shown that changes in flow dynamics (i.e. flood regime or return period) have altered the 
sediment transport capacity, allowing the establishment of vegetated sandbars (Brizga 
and Finlayson, 1994), and reduced the peak discharge (Hudson and Mossa, 1997), while 
others have shown that dams may cause minimal impacts on downstream flow dynamics 
(Phillips, 2001a; Phillips, 2003a; Wellmeyer et al., 2005).  While these examples occur 
on trunk streams, the impacts may be similar within tributary systems if the changes in 
the trunk stream propagate to the vicinity of the tributary.   
While it is possible that geomorphic changes propagated up the tributaries may 
have influenced tributary discharge, the main role of these data is to account for any 
changes in discharge which could be related to tributary changes.  In the Trinity River, 
the effects of the dam on sediment dynamics have reached about 60 km downstream from 
the dam (Phillips et al., 2004; 2005); consequently all the tributaries selected for this 
study lie within this affected area.   
 The two largest tributaries (Long King Creek and Menard Creek) within the lower 
Trinity basin both have USGS gauging stations located along reaches that are not 
influenced by back-water flooding (regardless of flow conditions) from the Trinity River.  
The data for both stations include daily, monthly and annual discharge records.  The time 
period covered in the record includes a pre-impoundment span of four years at the Long 
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King Creek (LKC) station (station # 08066200) and two years at the Menard Creek (MC) 
station (station # 08066300), through 2004.  Using daily discharge data for LKC and MC, 
mean daily flows were calculated.   
 Using daily discharge data, flow duration curves were also constructed.  
Probabilities and return periods (recurrence interval, RI) were calculated for the entire 
record using the relation  
 RI=(n+1)/m               (14) 
where m is the rank of the event and n is the number of days in the record.  The curves 
illustrate possible changes in the characteristics of pre- and post-dam flow conditions.   
 The percent change in pre- and post-dam flow conditions was also calculated 
using the daily flow data for both LKC and MC.  Percent change was calculated by 
dividing the post-dam mean daily discharge by the pre-dam mean daily discharge.  These 
results were then compared with similar calculations for seven other gauged sites on five 
Texas coastal plain rivers.  A t test was used to determine the statistical significance of 
the calculated change.   
Synoptic Analysis 
 Using daily discharge data for LKC, MC, Goodrich (Trinity River gauging station 
nearest the LKC mouth) (station # 08066250), and Romayor (Trinity River gauging 
station nearest the MC mouth) (station # 08066500) (Figure 2), six large storm events 
that occurred during the pre-impoundment era were analyzed to determine the response 
time between the tributaries and the Trinity.  Similarly, six large storm events that 
occurred during the post-impoundment era were also analyzed.  Events were selected 
based on five criteria.   
 First, the storm needed to create a spike on the hydrograph.  Events that caused 
more than one day of elevated high flows could not be used.  Second, the storm event had 
to cause a significant peak discharge in both tributary and trunk streams.  This criterion 
eliminated the possibility of very localized strong storms causing a hydrograph peak only 
at one location.  Third, the peak discharge in both streams needed to be greater than the 
average daily discharge for that location.  Fourth, the time of year needed to be 
considered during comparison (e.g. events that occurred during similar seasons should 
only be compared).  This criterion considers seasonality effects on vegetation, soil 
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moisture and land use conditions and how they might affect flow conditions.  Finally, 
criterion five also takes climatic conditions into account – events that are compared (pre- 
versus post-dam) should have occurred during similar periods of wetness.  Riggio et al. 
(1987) defined wetness indices based on drought versus water surplus conditions in east 
Texas.  The wetness indices (an 8 point scale normalized to average conditions, based on 
a 54 year record) ranged from slight, moderate, much, and very much on the “wetter than 
normal”side, and from mild, moderate, severe, and extreme on the “drought” side of the 
scale.   
 Using the two sets of data (pre-dam and post-dam events), differences in the lag 
time of the storm hydrographs at high flows were analyzed.  A t test was used to 
determine the statistical significance of the results.   
Sediment 
Sediment Discharge Data 
Suspended sediment data, in the form of total suspended solids, were collected by 
the TWDB for LKC between 1964 and 1979, providing nearly four years of pre-
impoundment and eleven years of post-impoundment data.  The sampling location was 
located at LKC 190 (Figure 2), the same location of the USGS gauging station.  The 
samples were taken with the “Texas Sampler”.  The “Texas Sampler” is a point-sampler 
that yields results lower than, but systematically related to, yields based on depth-
integrated sampling using standard USGS methods (Welborn, 1967; Andrews, 1982).  
Phillips et al. (2004) identified a multiplier of 2.37 to convert TWDB values (from 
TWDB suspended sediment data at Romayor on the Trinity River) to equivalent depth-
integrated values.   
The TWDB suspended sediment data consist of measures of daily loads in the 
form of tons per day.  The TWDB data for LKC were used to investigate any possible 
changes in sediment dynamics between pre- and post-impoundment periods.  Two four-
year spans with similar climatic conditions were used to compare pre- and post-dam 
annual alluvium production.  The comparability of the four-year spans of precipitation 
was determined by using a double-mass analysis (correlation factor greater than 97%).  
Double-mass analysis has been used to show changes in climate data in various 
geomorphic and environmental settings (Silveira, 1997; Iroume et al., 2005).  Changes in 
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suspended sediment yield and concentrations during the four-year spans were plotted to 
show changes within the data.  Both suspended sediment yield and concentrations are 
offered to contrast differences in the relationship between discharge and sediment 
produced at this location. 
Suspended sediment concentrations of grams per liter were calculated by 
converting USGS discharge data of cubic feet per second to liters per second; then 
converting the TWDB measures of tons per day to grams per second; and finally dividing 
the calculated suspended sediment discharge of grams per second by the calculated flow 
of liters per second.   
To calculate a change between the two periods, the percent changes (%∆) of the 
mean precipitation, daily mean discharge, adjusted daily mean suspended sediment 
discharge, daily mean concentration and the total yield for both four year spans were 
calculated using: 
%∆ = ((X-Y)/Y)*100             (15) 
where X is the post-dam value and Y is the pre-dam value. 
Storm Sediment Concentration Comparisons 
Using the same storm events defined to determine the response time between the 
tributaries and the Trinity, suspended sediment concentrations produced during these 
events were calculated to explore the possibility of a change in pre- and post-dam 
production during individual storm events.  This approach may provide insight into 
possible land use changes within LKC’s basin.  To fully incorporate the rising and falling 
limbs of the hydrographs all the events were considered to span a two-week period with 
the peak date falling in the middle.  A visual inspection of all the events defined 
confirmed that the two-week period provided adequate time for flow in both tributary and 
trunk streams to return to base flow.  The event discharge was simply the sum of the 
measured flow at the gauging station spanning the two-week period.  The event sediment 
discharge was determined from the TWDB sediment data and converted to a depth 
integrated value using the method described above.  Total suspended sediment 
concentration (SSC) for each event was determined by summing the daily measure of 
TWDB suspended sediment data over the entire two-week period.  A t test was used to 
test the statistical significance of the difference between the two periods.   
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Sediment Characteristics 
There are no pre-dam sediment samples available for direct testing of grain size, 
angularity or coatings.  Sediment grab samples were collected at 23 sites on the eight 
study tributaries in the lower basin.  Most samples were collected from the channel.  At 
LKC and MC mouths, delta surface samples were also collected.  Sample collection sites 
were selected to ensure similarity between sites.  The analyzed samples were those 
judged to be the most representative of the sampling site, based on field observations and 
hand-texturing.   
Samples were oven- or air-dried and disaggregated, and dry sieved for 15 minutes 
using an ATM sonic sifter.  Since sand is the dominant particle size in this area, the 
sieves used included 1mm (-1Φ), 0.5 mm (1Φ), 0.25 mm (2Φ), 0.125 mm (3Φ), 0.0625 
mm (4Φ), 0.004 mm (4.5Φ) and a fines collector.   
To assess potential coarsening and changes in texture in the downstream 
direction, samples from LKC, MC and Big Creek were compared in terms of the 
percentages of silt and clay, percentage of grains of fine sand (0.125 mm or 3Φ) or finer 
and percentage of grains which were medium sand (0.25 mm or 2Φ) or coarser.   
The sand sized particles were further analyzed using a binocular microscope to 
determine staining (oxide and other coatings) and angularity.  Similar to Phillips and 
Marion (2001), Phillips (2003a) and Phillips et al., (2005), these sedimentological 
characteristics can be employed to infer sediment sources and residence times within the 
tributaries.  Color-related features associated with iron-oxide (Stanley et al., 2000; 
Phillips and Marion, 2001; Stanley et al., 2001) and angularity of the sediment grains 
may potentially give insight into the sediment dynamics (e.g. residence time) within a 
fluvial system.   
The angularity of a sediment grain typically changes as that grain is transported 
further from its original source.  As grains are transported through a fluvial system 
various modes of abrasion attack that grain and may reduce angularity and increase 
roundness (Knighton, 1998).   
Angularity of the sediment samples at each site was described using a 
representative sub-sample of sand-sized particles.  The degree of angularity was 
classified as: angular – faces flattened, most vertices sharply angular; subangular – 
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mixed rounded and flattened faces and vertices less sharply angular; subrounded – faces 
dominantly rounded, vertices rounded; and rounded – no significant vertices, similar to 
Phillips (2003a), who used these categories, derived from standard soil science methods.  
Sand sized inorganic soil particles delivered to the lower Trinity basin creeks are 
dominantly composed of quartz, often with a coating of iron oxide.  Referring to iron in 
its ferric state (Fe3+), iron oxide is used here as a general term without reference to the 
form (oxide, hydroxide, or oxyhydroxide).  Iron oxide coatings may be red, orange, 
yellow, or light brown in color depending upon the minerals present.  Within an 
anaerobic and subsequently reducing environment, ferric iron coatings will dissolve and 
expose the uncoated grain (Phillips and Marion, 2001).  Iron will be exhausted if 
saturated conditions persist.   
Staining (or coating) of the sediment samples at each site was described using a 
representative sub-sample of sand-sized particles.  The degree of staining was classified 
similar to that of Phillips (2003a) as: none – no staining at all; rare – less than 10 percent 
of grains with staining; few – 10 to 25 percent of grains with staining; common – 25 to 50 
percent of grains with staining; and many – greater than 50 percent with staining. 
Angularity and staining were assessed in an attempt to determine the extent to 
which the sediment samples represented “new” material from uplands in the lower 
Trinity basin versus reworked alluvial and channel material.   
Aerial Photos 
Planform changes also provide valuable insight into the geomorphic change that 
occurs within an area.  With the use of historical aerial photos, Wellmeyer et al. (2005) 
have shown that the Trinity River channel does not show an indication towards a more 
stable post-impoundment planform within the lower Trinity basin.  Using similar 
techniques, planform change at three locations within the lower Trinity basin were 
investigated.  Four sets of air photos and digital orthographic quarter quadrangles 
(DOQQs) from 1958 to 1995 were used to map geomorphic change at the mouths of 
LKC and MC and one upstream site along LKC.   
Four individual years of photographic coverage were used (1958, 1968, 1982, and 
1995) for the mouths of LKC and MC, and two individual years were used for the LKC 
upstream site (1968 and 1982).  Analog black and white aerial photographs obtained in 
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1958 and 1968 were at 1:20,000; those flown in 1982 were at a 1:60,000 source scale.  
All were purchased from the US Department of Agriculture’s Air Photo Field Office.  
The photos were scanned at high resolution (1200 dpi) and co-registered with the 1995 
DOQQs using ground control points.  For 1995, 43 DOQQs covering the entire study 
area were obtained online from the Texas Natural Resources Information System 
(TNRIS).  These color infrared images are the most recent for the area and were taken in 
January with a 1 m2 pixel resolution digitized from 1:40,000 aerial photography.   
Geomorphic change was obtained by comparing the 4 years, or 3 intervals, of 
aerial photographs of the area.  Each individual photo was manually digitized using 
Macromedia Freehand software, with specific attention to geomorphic indicators of 
change.  Comparisons were made between the individual years to highlight and contrast 
changes in the floodplain, vegetation, channel planform and sediment aggradation and 
degradation.   
Bridge Cross-Sections 
Morphometric channel change often follows a disturbance within a stream.  There 
are many ways in which a stream may react to a disturbance – incise, aggrade, widen, 
meander, straighten, or foreshorten.  A series of cross-sections over successive years may 
provide a great deal of information about changing geomorphic and hydrologic 
characteristics of a stream (Kesel and Yodis, 1992; Yodis and Kesel, 1993).  Phillips et 
al. (2005) used channel cross-sections surveyed from bridge crossings over the Trinity 
River to show a dynamic channel with multiple modes of adjustment.  Using a similar 
technique, channel changes in width, depth and cross-sectional area were measured at 
thirteen sites along seven tributaries.   
Channel cross-sections for thirteen bridge crossings were obtained from the Texas 
Department of Transportation (TXDOT).  The obtained data varied for each site, but all 
the crossings included at least 3 channel surveys that occurred between the years 1996 
and 2002.  Ten of the cross-sections were resurveyed in July 2003 using the same method 
as employed by the bridge engineers, a weighted drop line, and the fixed control points in 
the original surveys.  The three cross-sections that were not resurveyed in 2003 were 
judged in the field to have very little channel activity, with stable channel banks and floor 
and no detectable geomorphic change.  The cross-sections were graphed and then 
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digitized using DataThief software.  The data from the cross-sections were then 
compared to determine changes in width, mean depth, maximum depth, width/depth ratio 
and cross-sectional area.  The measurements were all relative to a banktop-to-banktop 
datum (e.g., bankfull elevation) determined for each survey site.   
The cross-sections had varying temporal scales ranging from seven to 49 years.  
From the collected data, an average rate of thalweg change, average rate of cross-
sectional area change and average rate of banktop-to-banktop width change was 
calculated for 12 sites (the time span of one stream’s record was unknown, and therefore 
a rate calculation for this crossing was not possible).  An average rate of thalweg 
elevation change was determined by measuring the change in channel depth between the 
earliest and most recently surveyed years, then dividing this difference by the number of 
years between the measurements.  Cross-sectional area change was determined by 
measuring the cross-sectional areas of both the earliest and most recently surveyed year, 
and then calculating the difference.  This number was then divided by the number of 
years between the measurements to determine the rate of cross-sectional area change.  
Banktop-to-banktop width change was determined in a similar fashion, using both the 
earliest and latest years.   
Changes in slope were estimated based on channel thalweg elevations determined 
from maximum depths at bridge crossings, by dividing the change in elevation by the 
channel distance between sites.  The channel distance between sites was measured from 
topographic maps.  Channel slope changes could only be calculated on streams that had 
more than one survey; these three streams included Big Creek, LKC and MC.   
Surface water measurements (e.g. width and cross-sectional area) were obtained 
from the USGS for LKC 190 and MC 146.  For each measurement, mean depth was 
calculated by dividing the cross-sectional area by width.  Width/mean depth ratios were 
then determined by dividing the width measurement by the calculated mean depth.  At 
LKC 373 measurements occurred between June 1962 and December 2005, while at MC 
348 measurements occurred between September 1963 and December 2005.  These 
discrete measurements were graphed to show change through time.  A change in 
width/mean depth ratios may indicate a change in the frequency of overbank flow events 
and a possible change in the mode of channel adjustment.   
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Others have successfully used this technique of at-a-station hydraulic geometry 
change to document channel change through time (Phillips et al., 2005).  Kesel and Yodis 
(1992) and Yodis and Kesel (1993) have used historical channel surveys at bridge sites to 
show the impact of human modifications to two coastal plain rivers within southwestern 
Mississippi.  Typically, bridge crossings would not necessarily be considered 
representative of a stream’s behavior for numerous reasons, including a tendency to 
choose: 1) locally narrow reaches; 2) stable channels; and 3) stable floodplains when 
constructing bridges.  Also, due to the nature of bridge anatomy, scour tends to occur 
around pilings and bridge supports (Phillips et al., 2005).  Considerations should also be 
given to the amount of disturbance that may occur during bridge construction and how 
this may affect subsequent creek surveys.  Nevertheless, the bridge crossings do represent 
the only historical records of cross-sectional change.   
While only one tributary bridge was constructed before impoundment of Lake 
Livingston, the remaining sites offer valuable insight into the recent morphological 
changes of the Trinity River tributaries.  Changes in banktop-to-banktop width, mean 
depth and width/depth ratio also reveal the direction or mode of change in the tributaries.  
By using several cross-sections on the same creek, upstream coupling processes may be 
inferred. 
Geomorphic Indicators of Change 
Assessment of recent channel changes within the lower Trinity River basin were 
based on field mapping, dendrogeomorphology and vegetation evidence, sediment 
sampling, field observation of flood impacts, and analyses of maps, aerial photographs, 
digital orthographic quarter quadrangles, and stream gauge records, similar to that of 
Phillips (2003a), Phillips and Musselman (2003), and Phillips et al. (2005).  Field 
mapping and DOQQs were used to evaluate the migration of temporary sediment sinks in 
the form of sand bars within the tributary channels and tributary deltas within the Trinity 
River channel.  A critical zone exists immediately downstream of the tributary-trunk 
stream junction (Harvey, 2002).  Petts (1979) described these sites as sensitive areas to 
change.  At the mouths of LKC and MC, evidence of tributary-trunk stream hydrograph 
desynchronization was investigated.  Back water effects may be indicated by slack water 
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deposits, thin layers of fine sediment on point bars near the mouth or on delta sands at the 
confluence with the trunk stream. 
Channel and Floodplain Change 
Field indicators of geomorphic change that were used to interpret bank erosion 
and channel widening included fresh or active erosional scarps, cut banks, bank failures, 
woody debris in or near channels, exposed tree roots and root crowns, and tilted trees.  
Cut banks and erosional scarps on channel banks expose fresh sediment to surface 
conditions and indicate channel activity.  Bank failures such as slump blocks or channel 
caving also indicate a change in channel width (Shankman and Smith, 2004).  As stream 
banks widen any vegetation living directly on or adjacent to the channel will be affected 
(Trimble, 2004).  As stream channels erode, trees and shrubs supported by the eroded 
sediment will fall or become tilted (Cohen and Brierley, 2000; Shankman and Smith, 
2004).  Similarly, as ground beneath vegetation is removed, tree roots and root crowns 
may become exposed in the channel walls (Phillips and Musselman, 2003).  Decreases in 
channel width were considered to occur if there was evidence of accretion or infilling on 
both banks.  Significant decreases in width were observed upstream of Lake Livingston, 
but not in the study area.   
Field indicators that were used to interpret channel incision included tilted trees 
on banks and on floodplains, evidence of scour around anthropogenic features, 
knickpoints, exposure of bedrock (or clay layer) within channel beds, relic channel 
shelves, bank scarps, and vegetation lines.  Downcutting within a channel will cause 
channel banks to steepen and vegetation on the banks to topple or become tilted (Cohen 
and Brierley, 2000).  Scour around bridge abutments or any other man-made feature will 
indicate channel incision (Phillips et al., 2005).  Knickpoints, or a break in profile, can 
vary in size from very large (i.e. waterfalls) to very small, and typically represent varying 
resistances to channel incision.  Below a knickpoint a stream typically has a steeper 
gradient than above (Germanoski and Ritter, 1988; Yodis and Kesel, 1993).  At a smaller 
scale, within-channel shelves are similar to floodplain terraces and form through a similar 
process of degradation within the channel (Germanoski and Ritter, 1988).  Vegetation 
lines, or a line of vegetation parallel to the current water surface, represent an older-
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extended elevation of flow below which fauna would not grow (Phillips and Musselman, 
2003). 
Numerous indicators of both channel widening and incision were observed at 
many of the field sites.  Evidence of accretion or aggradation occurred at two sites.  
Accretion or aggradation was considered to occur at sites where cultural features (e.g., 
east Texas creeks are unfortunately a popular dumping ground for old appliances and 
trash in general) were partially buried in sediment.  This is based on the assumption that 
when dumped, the item thrown into the stream was flush with the channel floor.  At other 
sites, lateral migration was considered to occur if there was field evidence of erosion that 
was dominantly occurring on one bank while the adjacent bank showed evidence of 
accretion or infilling.   
Channel surveys across LKC mouth were also completed to show the lateral 
migration of the channel across the delta.  Surveys were performed by measuring 
horizontal and vertical distances with a laser range finder shooting to a stadia rod with an 
attached reflector.  Identical methods were used to survey ancestral channel and levees 
across a section of the LKC floodplain/delta area and an incised gulley near the mouth of 
MC.   
Alluvial Storage 
The amount of active alluvium in the channels was also determined by measuring 
the depth of alluvium covering a ubiquitous, resistant grey clay layer.  At sites where the 
clay layer was not exposed, alluvium thickness in both the creek channels and on side 
channel bars was measured three to five times at randomly chosen locations using a probe 
to locate the depth to the clay layer.  At four sites, dendrogeomorphic estimates of 
alluvial storage were made.  Flood plain surface sedimentation rates were measured using 
eight trees at three sites, following methods similar to Hupp and Osterkamp (1996).  The 
estimates are based on the principle that upon germination tree root crowns and basal 
flares are approximately flush with the ground surface.  Additional estimates at two of the 
sites were completed by measuring the alluvium depth covering the previous year’s litter 
layer.  All the trees measured were within 10 m of the bank top.  By measuring the 
distance from the current flood plain surface to the root (crown or adventitious), the depth 
of burial may be estimated.  A minimum mean rate of accretion may be estimated by 
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determining the age of either the root or the tree.  Tree (using an increment borer to 
extract cores) and root ages were determined by ring counts.  These techniques have been 
used in east Texas previously (Phillips, 2001a; Phillips and Marion, 2001; Phillips et al., 
2004), and are widely used in floodplain rivers elsewhere (Hupp and Morris, 1990; Hupp 
and Bazemore, 1993; Martens, 1993; Hupp and Osterkamp, 1996; Hupp, 2000).     
The total quantity of stored alluvium in LKC and MC was estimated based on the 
width of the flood plain measured from digital orthophotoquads, combined with field 
measurements of the elevation of the flood plain above the channel.  Following Phillips et 
al. (2004), it was assumed that this represents the depth or thickness of the total alluvium 
in storage (e.g. potentially mobile alluvium).  These totals were converted to mass using a 
typical bulk density of 1.4 t/m3, based on data from soil surveys of Polk and San Jacinto 
Counties (Phillips et al., 2004).  The years of alluvium in storage for LKC and MC were 
calculated by dividing the available alluvium by the mean annual yield based on 
suspended sediment rating curves from Slattery (2006).  Similarly, years of alluvium in 
storage at Liberty was calculated by dividing the available alluvium by the mean annual 
yield based on adjusted suspended sediment data from the TWDB (described above).   
Modes of Adjustment 
Each site was characterized with respect to qualitative (e.g. increase, decrease, or 
negligible change) responses of width, depth, slope and roughness, similar to Phillips et 
al. (2005).  These changes were estimated because of a lack of pre-dam data.  Changes in 
width and depth were determined from direct measurements from the bridge cross 
sections and from field observations of geomorphic indicators of change (bank slumps, 
undercut banks, exposed roots in channel banks, buried cultural features, etc.).  Vegetated 
banks without erosion scarps, slope failures or fallen trees were considered stable.  
Changes in slope were estimated based on channel thalweg elevations determined from 
maximum depths at bridge cross-sections and field observations of geomorphic indicators 
of change.  Channel roughness changes with flow hydraulics (Phillips et al., 2005).  In 
the context of the lower Trinity basin tributaries, the general roughness regime varies 
primarily as a function of large woody debris, exposed tree roots in the channel banks, 
vegetation colonization on channel banks, and bedforms covering the resistant gray clay 
layer.  Locations where channel banks were riddled with woody debris and exposed 
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roots, or were recently colonized by vegetation were considered to indicate an increase in 
roughness.   
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CHAPTER FOUR: OBSERVATIONS AND RESULTS 
 
Discharge 
 The function of a dam (water supply, irrigation water supply, flood suppression, 
hydropower, navigation, recreation, etc.) will ultimately determine how stream discharge 
may be altered.  Dams operated for flood control and irrigation, for example, will likely 
have the largest influence on discharge, while flow-through dams, such as the Livingston 
dam, will have minimal to no obvious change in discharge.  Some dam management 
strategies may even reverse the seasonality of discharge patterns.   
Flow Regime 
 Change in flow regime downstream of an impoundment can be variable and site 
specific.  Peak flows, low flows and flow durations may all be influenced by the presence 
of a dam.  Changes in the flow regimes caused by impoundments on numerous rivers 
have been shown to cause downstream changes (Andrews, 1986; Chen et al., 2001; 
Diamond, 2001; Chin et al., 2002; Benda et al., 2004).  Reducing or damping of peak 
flows can lead to alterations in stream side habitats by allowing vegetation encroachment 
and halting bottomland rejuvenation (accretion of sediment and nutrients) through 
flooding (Petts, 1980; Benke, 1990; Brizga and Finlayson, 1994; Church, 1995; Power et 
al., 1996; Friedman et al., 1998; Polzin and Rood, 2000; Phillips, 2001; Wu et al., 2004).  
Less frequently studied, low flows (or minimum flows) may also change, depending upon 
dam management strategies.  Chin et al. (2002), for instance, showed a 70 percent 
decrease in average days with no flow in the post-dam period in Yegua Creek, Texas.  
This management strategy caused a seasonal shift with decreased peaks in the spring and 
subsequent increased low flows in the summer.  On the Yangtze River, Chen et al. (2001) 
have shown that dam management strategy has a tendency to create extreme discharges; 
low flows have become smaller and high flows have increased since impoundment.  Flow 
duration may also be affected in an impounded stream.  Chin et al. (2002) showed a 
reduction in the range of daily mean flows of Yegua Creek during the post impoundment 
era.  Using exceedance probability curves, Wellmeyer et al. (2005) examined temporal 
variability in the mean daily discharge of the lower Trinity River.  While pre- and post-
impoundment curves are of similar form and closely mimic natural conditions (i.e. pre-
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dam), post-dam low flow conditions are slightly elevated and a break in slope of the 
duration curve occurs around the 50% exceedance level.  Wellmeyer et al. (2005) 
attribute this change in flow conditions to a slightly wetter precipitation regime during 
the post-dam period.   
 Daily stage-discharge data used to construct flow duration curves for the study 
streams was obtained from USGS gauging station records.  The Long King Creek (LKC) 
gauging station, located at the intersection with US 190 (Figure 2), has been operating 
since 1 January, 1963, while the Menard Creek (MC) gauging station, located at the 
intersection with FM 146 (Figure 2), has been operating since 1 December, 1965.  Both 
tributaries have a complete record of daily and peak flows.  The average daily mean flow 
for LKC is 3.17 m3/s, while MC’s average daily mean flow is 3.78 m3/s (Table 2).  
 A comparison of the published discharge data for LKC and MC shows below- 
average discharges occurring during the pre-dam era and slightly higher discharges 
occurring in the post-dam era (Table 3).  Compared to pre-dam mean discharges, post-
dam mean discharges increased 123 and 162 percent, respectively, for LKC and MC.   
 Although these large percentage increases exist, t tests indicate that there is no 
difference between pre- and post-dam discharges for LKC and MC.  Due to short pre-
dam records for both tributaries (LKC: pre-dam n=2097, post-dam n=12785; MC: pre-
dam n=1032, post-dam n=12785), these comparisons should be referenced cautiously.   
 Flow duration distributions generated from daily mean discharges may be used as 
an indicator of temporal change.  The slope of the curve indicates the trends within the 
discharge record for the period of record.  The LKC and MC curves show a curve typical 
of perennial coastal plain streams (Figure 11 and Figure 12).  Discharge is elevated for 
extended periods and flow is not flashy.  The pre- and post-dam curves for both 
tributaries are of similar form.  Low flows appear to be elevated in the post-dam period 
for LKC, but this may be attributable to climatic influences.   
 Differences in flow regime between pre- and post-dam periods can be attributed 
to the precipitation record for the span of time described.  East Texas during the pre-dam 
period (1 January, 1963 to 27 September, 1968 for LKC and 1 December, 1965 to 27 
September, 1968 for MC) was in the midst of a mild to moderate drought that spanned 
1962 to 1967 (Riggio et al., 1987).  During the post-dam period, east Texas has 
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experienced slightly higher than average precipitation (Figure 13).  Despite the climatic 
difference, t test results using monthly precipitation totals indicate that while the pre-dam 
period was experiencing drought conditions, there is no difference between pre- and post-
dam precipitation.  This t test was performed on monthly precipitation totals spanning the 
flow record for LKC.  Even though the post-dam record indicates higher amounts of 
precipitation, these samples are not significantly statistically different at the 95% 
confidence level.  This again, is likely due to the short pre-dam time span (pre-dam n=69, 
post-dam n=422). 
 Comparing long term flow trends, other coastal plain streams in Texas with much 
longer pre-dam records show a slight increase (mean of ~17%) in post-dam versus pre-
dam mean daily discharge (Table 4).  Comparing short term flow trends (only using the 
length of LKC pre-dam record) these same streams show a much higher percent increase 
between pre- and post-dam discharge (Table 4).  Increases in mean flows across east 
Texas suggest a possible increase in precipitation amounts in the area.  A NOAA weather 
station at Liberty (station ID 415196) yielded the earliest available precipitation data in 
the area.  Annual precipitation totals at this station show an increase in the general trend 
over the past 100 years (Figure 14).  This trend further supports the conclusion of a 
general increase in flows during the post-dam period.   
Synoptic Analysis 
 As described earlier, tributary inflow can alter mainstem morphology by adding 
pulses of flow and sediment.  Potentially, a dam can dampen and/or delay mainstem 
hydrograph peaks, and create a situation where tributary hydrograph peaks are out of 
sync with trunk stream hydrograph peaks.  Altered sediment and flow dynamics in a 
trunk stream can create morphological changes at the channel confluence and amplify 
system perturbations (Harvey, 2002; Benda et al., 2004).  During a storm event, a lag of 
the flood peak may be created by flow moving through an impoundment.  This lag may 
desynchronize the mainstream and tributary discharges causing problems for transporting 
tributary sediment inputs downstream (Willis and Griggs, 2003).  As flow from an 
unaltered tributary stream enters an impounded trunk stream a variety of changes may 
occur.  Depending upon the impacts of the dam, sediment inputs from a tributary system 
may create morphological changes within a trunk stream such as mid- and side-channel 
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bars (Petts, 1982; Gilvear, 2004) and tributary deltas (Germanoski and Ritter, 1988; 
Church, 1995).  
 Using an event based approach, storm hydrographs of tributaries and trunk 
streams can be compared to determine if the tributary runoff is desynchronized.  Five 
criteria were used for choosing events: 1) the storm must be significant (i.e. there must be 
a sharp peak on the hydrograph, not an extended wet period with elevated flow), 2) the 
storm must cause a peak discharge in both streams (trunk and tributary), 3) the peak must 
be greater than the average discharge for each stream, 4) seasonality must be considered, 
and 5) the storm must have occurred during similar periods of wetness indices (as defined 
by Riggio et al., 1987).  Criterion number four is relevant as vegetation and substrate 
conditions can change dramatically throughout the year in east Texas.  Events that occur 
during wetter months (Spring and Fall) should not be compared with events occurring 
during the drier months (Summer and Winter).  The wetness index (criterion 5) also 
provides a further standard for comparison of events.   
Using historical daily discharge data for LKC and Goodrich (mainstem gauging 
station nearest the LKC mouth) large storm events used for comparison are shown in 
Table 5.  The LKC and Goodrich hydrographs show a lag time in both the pre- and post-
dam periods.  The pre-dam hydrographs show a peak occurring on LKC an average of 
1.17 days before the Trinity peak.  The post-dam hydrograph lags show a peak on LKC 
occurring on average 1.67 days before the Trinity peak.   
Similar comparisons were completed for Menard Creek and Romayor (mainstem 
gauging station nearest the MC mouth) (Table 5).  The MC and Romayor hydrographs 
show a lag time in both the pre- and post-dam periods.  The pre-dam hydrographs show a 
peak on the Trinity occurring on average 0.167 days before the MC peak.  The post-dam 
hydrograph offsets don’t show a difference in hydrograph peaks, with the average 
occurrence of the peaks happening on the same day. 
A t test was used to determine whether there is a statistically significant difference 
in synchronization between the pre-dam and post-dam storm hydrographs.  The results 
indicate that the lag between peaks in both locations, LKC and MC, are similar in the pre- 
and post-dam eras.  This suggests that hydrograph peaks during storm events have not 
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significantly changed in the post-dam period from pre-dam conditions (at least at the 
diurnal scale, the finest temporal scale available for this data). 
Sediment 
Load Comparisons 
 The Texas Water Development Board (TWDB) collected daily suspended 
sediment samples for the 1964-1979 period at the Long King Creek gauging station.  The 
LKC gauging station at Livingston has an upstream drainage area of 365 km2.  This 
represents about 16 percent of the drainage area for the Trinity River downstream of Lake 
Livingston.  The suspended sediment samples were collected using the “Texas Sampler”, 
a point-sampler that yields results similar to, but systematically lower than, the standard 
USGS method of depth-integrated sampling (Welborn, 1967; Andrews, 1982).   
 Two four-year spans with similar precipitation amounts were determined by a 
double-mass analysis (Figure 15) and a t test.  Both the double-mass analysis (correlation 
factor greater than 97%) and the t test reveal a statistical similarity between the pre- and 
post-impoundment four-year spans.   
 Figure 16 illustrates the suspended sediment discharge rating curve for both pre- 
(1965-1968) and post-dam (1975-1978) periods.  The rating curves suggest that more 
suspended sediment was transported in LKC during similar discharges in the post-dam 
period versus the pre-dam period.  In Figure 17 the relationship between water discharge 
and suspended sediment concentration for the two periods shows an increase in 
suspended sediment concentration during the post-dam period.   
 Comparing two four-year spans with similar average precipitation amounts, the 
post-dam period of 1975 to 1978 shows less than a 1% change in the amount of annual 
mean precipitation, a 13% change in daily mean flow, and slightly less than 2% increase 
in daily mean suspended sediment discharge (Table 6).  Daily mean suspended sediment 
concentration increased more than 22% and the total suspended sediment yield increased 
over 27% (Table 6).  While on average lower flows have occurred in the post-dam period 
(1975-1978), the greater than 20% increase in both total suspended sediment yield and 
daily mean suspended sediment concentration likely reflect land use changes within 
LKC’s basin, rather than effects of impoundment of the Trinity River.   
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Event Concentrations 
 Using the same TWDB sediment data, and the events defined earlier, 
concentrations of sediment produced during events in both the pre- and post-dam periods 
were compared.  Using a two-week time-span with the event hydrograph peak occurring 
in the middle of the two weeks, concentrations from nine events were calculated (Table 
7).  While the total suspended sediment produced during the post-dam events is slightly 
higher than the pre-dam events, the mean post-dam event sediment concentrations (1.26 
g/l) are slightly less than the pre-dam event sediment concentrations (3.87 g/l).  Results 
from a t test indicate that there is no difference between pre- and post-dam event 
concentrations.  Even though the post-dam events are slightly lower, these samples are 
not significantly statistically different at the 95% confidence level.  This suggests that 
there is no clear evidence of a major change in sediment export from the tributary creeks. 
Characteristics 
 Sedimentological characteristics such as texture, angularity and staining may 
provide information related to residence time, transport mode and possibly sediment 
source.  Generally, downstream changes in grain size (Nordin et al., 1980; Rana et al., 
1973) and in angularity would be expected as abrasion, hydraulic sorting and weathering 
influence the sediment.  Abrasion encompasses mechanical actions such as grinding, 
breakage, impact and rubbing, which chip and fracture particles during both transport and 
storage.  The shape and size characteristics at any point along a stream are determined by 
the initial supply conditions and the subsequent transport history of the grains.    
Texture 
 Sand is the modal grain size in the study area.  Larger gravel size grains do occur 
occasionally in some samples and are likely from the Deweyville Formation.  Grain size 
distributions of all the tributaries are shown in Figure 18.  The sand size fraction (<2mm 
or -1Φ to >0.0625mm or 4Φ) accounts for more than 86% of all the samples collected 
(Table 8).   
 Multiple samples from Long King Creek, Menard Creek and Big Creek were 
compared to assess potential changes in texture in the downstream direction (Table 9).  
Samples were compared in terms of the percentages of silt and clay (all sub-sand size 
particles), percentage of grains of fine sand (0.125mm or 3Φ) or finer and percentage of 
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grains which were medium sand (0.25mm or 2Φ) or coarser.  In general, results do not 
indicate any sort of trend in coarsening or fining throughout the tributary systems.  
Within Long King Creek and Menard Creek, the percentage of fine sand and smaller 
grains is the largest at the mouth of both creeks.  In Big Creek the sample percentages 
remain fairly uniformly consistent throughout the system (Table 8).   
 The texture of samples collected from the tributaries is very similar to the samples 
collected from 26 Trinity River sites (9 channel and 17 sand bar samples) (Figure 19).  
Seven of the Trinity River samples are from above Lake Livingston and 19 were 
collected in the lower basin between Romayor and Liberty (Phillips and Slattery, 2006).  
In general the tributary samples contained slightly higher percentages of very coarse, 
coarse, and medium sized sand while the Trinity samples contained slightly higher 
percentages of the smaller particle sizes.  The homogeneity of the geologic substrate in 
the lower Trinity basin is a likely cause of the similar textural distributions.   
Angularity 
 The angularity of a sediment grain may be used to infer alluvium transport mode 
and residence time.  Both the range of angularity and the dominant or modal angularity 
class of the sand-sized particles from each sample was determined using a binocular 
microscope.  The classifications used include: Angular – faces flattened, most vertices 
sharply angular; Subangular – mixed rounded and flattened faces and vertices less 
sharply angular; Subrounded – faces dominantly rounded, vertices rounded; and Rounded 
– no significant vertices.   
 The results of the angularity analyses are shown in Table 10.  The angularity 
range varied from rounded to angular.  11 samples (44 percent) had a subangular modal 
angularity, while 14 samples (56 percent) had subrounded modal angularity.  The 
dominant subangular and subrounded modal angularities suggest the possibility that the 
alluvium in the tributaries is an active sojourner, in transit from source to sink.   
 Although the samples from the tributaries did include angular grains, the modal 
range of distribution of samples which had dominantly subangular and subrounded 
angularities was similar to the Trinity River samples (Phillips and Slattery, 2006).  
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Staining 
 Iron-stained quartz has been used as a record in a few studies to suggest activity 
in sedimentological systems (Stanley et al., 2000; Stanley et al., 2001; Stanley and 
Jorstad, 2002).  Staining variations in modern (Holocene) versus underlying late 
Pleistocene alluvium have been recognized in sediment deposited in diverse climatic and 
geographic settings, those subject to various transport processes and dispersal distances, 
and in sediment of different lithologies and sand-grain textures (Stanley et al., 2001).   
 A grain was considered stained if any part was coated with brown, yellow, red, or 
orange Fe oxide material.  The classifications used include: None – no staining at all; 
Rare – less than 10 percent of grains with staining; Few – 10 to 25 percent of grains with 
staining; Common – 25 to 50 percent of grains with staining; and Many – greater than 50 
percent with staining.  The results of the staining analyses are shown in Table 10.  80 
percent (20 out of 25) of the samples were classified in the none, rare and few categories.  
The five samples with 25 percent or more staining were located nearer the headwaters, in 
the upper portions of the catchments.  These results suggest a rather active sediment 
system with highly mobile alluvium in the tributaries. 
 Compared with Trinity samples (50 percent with few coatings) (Phillips and 
Slattery, 2006) the tributary samples had a higher percentage of coatings classified in the 
rare category (56 percent).  With relatively small percentages of coatings on the tributary 
sediment samples, it is probable that little new material is coming from upland erosion.   
Aerial Photos 
 Historical aerial photos and satellite imagery are a valuable resource when 
describing planform change.  In the lower Trinity basin, aerial photos were available 
from the United States Department of Agriculture, and digital orthographic quarter 
quadrangles from the Texas Natural Resources Information System.  Table 11 shows the 
imagery analyzed, and the source agency from which the images were acquired.   
 Historic air photos, as well as more recent photos and imagery, may be used to 
study planform change through time.  Other studies have conducted similar studies using 
a GIS approach (Downward et al., 1994; Winterbottom and Gilvear 2000; Simon et al., 
2002; Wellmeyer et al., 2005).  In this study, qualitative changes at the mouths of Long 
King Creek and Menard Creek were determined by mapping changes from a series of 
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photos at these locations.  These two sites were selected for description for two reasons.  
First, the mouths of the tributaries are dynamic locations of change, and hold the greatest 
potential for dam influenced effects.  Second, as a result of the imagery resolution, 
upstream sites along the tributaries are not discernible.  Four individual years of 
photographic coverage were available for the two sites: 1958, 1968, 1982, and 1995.  One 
significant upstream location, where geomorphic change was detectable, along LKC is 
also described.   
Long King Creek Mouth 
 Figure 20 shows the four years of photos at the mouth of LKC.  The 1958 photo 
suggests that this location is very geomorphically active; a sediment plume is exiting 
LKC and entering the Trinity, aggradation is causing a delta to build, and the channel 
banks appear to be eroding (Figure 21).  The right bank (looking in the downstream 
direction) of LKC’s delta appears to have little or no vegetation.  Although LKC nor 
Goodrich gauging stations were operating at this time, the two nearest stations recorded 
two extremely large events in the months prior to the photograph.  Upstream from 
Goodrich, Riverside (USGS #08066000), a gauging station now submerged by Lake 
Livingston (Figure 2), recorded a discharge of 2,747 m3/s on 5 May, 1957.  This was the 
11th largest discharge ever observed within the 44 years, worth of data at Riverside.  A 
few days later, 10 May, 1957, the Romayor station recorded a discharge of 2,634 m3/s, 
the 20th largest discharge ever observed within the 76 years, worth of data.  In May of 
1958, just six months prior to the photo, a second large event moved down the Trinity, 
and likely caused significant geomorphic changes.  It is possible that either of these two 
events could have significantly impacted the LKC-Trinity confluence and may account 
for the absence of vegetation on the delta surface (Figure 21).  LKC’s channel also 
appears to be actively incising at this time.  Evidence of this incision includes a small 
incised gully/tributary at the upstream, right bank edge of the delta and a vertical bank cut 
into the alluvium near the left bank end of the delta (Figure 21).   
 In 1968 (Figure 21) the right bank delta area appears to be vegetated and 
aggraded.  Aggradation on the right bank delta area (since 1958) situates the surface 
elevation closer to the elevation of the floodplain to the north.  A break in slope is much 
less noticeable as vegetation has colonized this side of the delta.  LKC’s channel also 
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appears to continue to incise.  The vertical bank cut into the alluvium near the left bank 
end of the delta is still visible.  A sediment plume is also visible entering the Trinity.  
Nineteen weeks prior to the photo being taken, the Goodrich gauging station recorded a 
flood with an exceedance probability of less than 1 percent.  The Trinity peaked on 25 
June, 1968 at 1,500 m3/s, the 117th highest discharge on record (35-year record).  LKC 
also peaked on 24 June, 1968 with a discharge of 140 m3/s, the 41st highest discharge on 
record at the LKC gauging station (38-year record).   
 In 1982 (Figure 21) the vegetation on the right bank of LKC’s delta has firmly 
established itself.  The water levels in this photo are higher in both the Trinity and LKC 
then in the two previous photos (Table 11).  The high discharges are likely covering the 
delta.  The water flowing in LKC appears lighter in color than the water flowing in the 
Trinity, likely resulting from higher concentrations of suspended sediment in LKC; a 
minor sediment plume is entering the Trinity.  Nine weeks prior to the photo, the Trinity 
at Goodrich peaked on 10 November, 1981 at 680 m3/s (~10-year flood event) and LKC 
one day prior at 11.5 m3/s (a 20-year flood event).   
 Similarly high flow conditions are observed in the 1995 photo (Figure 21); the 
higher stage in both LKC and the Trinity is likely masking the delta.  The newer 
vegetation on the right bank of the delta is more difficult to distinguish from the older 
vegetation, and a small sediment plume is entering the Trinity.  On 18 October, 1994, the 
Trinity River peaked at 3398 m3/s, the flood of record.  LKC peaked one day prior at 852 
m3/s, also the flood of record.  The geomorphic changes caused by this flood event within 
the lower Trinity system were quite significant and are likely masked by the high water in 
the image.   
Long King Creek Oxbow 
 Figure 22 shows a segment of LKC about 3.85 km (apex of the meander) 
upstream from the confluence with the Trinity.  At this location a cutoff formed 
sometime between 1968 and 1982.  This cutoff and subsequent oxbow formation 
shortened the stream by 0.5 km, and is the only significant (upstream) planform change 
observed from multiple image comparisons.  The foreshortening of LKC at this location 
would have caused an increase in energy within the system by increasing the slope within 
this reach.  The discharge in LKC when the images were captured was relatively low 
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(Table 11).  Although the 1982 photo has lower resolution, in both photos point bars and 
alluvium covered banks are discernable.   
Menard Creek Mouth 
 Figure 23 shows the four years of photos at the mouth of Menard Creek.  The 
scale and resolution of the photos makes this location difficult to evaluate.  MC enters the 
Trinity from the east (right side of the picture), surrounded by trees of the Big Thicket 
National Preserve.  Although MC appears to change very little at this site, the confluence 
reach with the Trinity is geomorphically dynamic.  The Trinity River’s banks and channel 
are actively changing through point bar accretion and mid-channel bar migration.  
Through coupling processes these changes influence MC.   
 The 1958 photo (Figure 23) shows a very active sediment regime within the 
Trinity River.  Large sandy point bars and recently stripped cut banks indicate an actively 
migrating alluvial system.  Recently abandoned channel banks above the sand bars 
suggest possible channel incision within the Trinity.  More recently though, portions of 
these banks appear to be stabilizing or recovering from a past flood event as grassy 
vegetation and large gullies form (Figure 24).  As noted above, a May, 1957 flood 
recorded at Romayor was the 20th largest observed event; this may have caused 
significant change to this reach of the Trinity River.   
 The 1968 image (Figure 23) shows a continuation of the active sediment regime.  
Large actively migrating point bars are on both left and right banks of the Trinity.  
Vegetation has continued to establish some stabilization of sediment on the higher 
portions of the abandoned channel banks and flood plain.  On the left bank of the Trinity, 
just north of the confluence with MC (toward the top of the picture), vegetation has 
significantly colonized a large portion of that sand bar.  At the mouth of MC a delta has 
formed, and within the Trinity a mid-channel bar has appeared (Figure 24).   
 With 10 times higher discharge (in the Trinity) than in previous images (Table 
11), water in the 1982 photo is likely covering the sediment/point bars along the Trinity 
banks.  Smaller portions of the point bars are visible.  The channel bank to the north of 
the MC mouth shows further development of vegetation.  The mid-channel bar that 
appeared in the 1968 photo near the mouth of MC is barely visible.  The MC delta is 
probably covered by high water (Figure 24).   
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 With apparently higher discharge then in the 1982 photo, flow in the 1995 image 
(discharge unknown because the exact date of image capture is not published) masks 
many of the previously described geomorphic features.  Vegetation has continued to 
colonize and establish itself on the left bank of the Trinity just to the north of the MC 
confluence.  Any active alluvium in the form of point bars, mid-channel bars, or the MC 
delta is masked by the high stage in both the Trinity and MC (Figure 24).   
Bridge Cross-Sections 
 Although a single bridge cross-section may not be a good indicator of channel 
changes taking place in a stream, a series of cross-sections taken over a period of years 
may provide significant information on the dynamic changes of a channel’s geomorphic 
and hydrologic characteristics.  At ten of the thirteen bridge sites, no attempt has been 
made to confine the flow; of the other three, two have had minor morphological influence 
while one is significantly engineered to influence stream morphology (Table 12).  Long 
King Creek at 942 and Menard Creek at 943 have concrete abutments that confine one 
channel bank.  Mud Creek at 942 is completely confined on both banks with culvert style 
engineering; only the channel floor is capable to adjust morphologically.   
 The temporal scale of data available for each individual bridge cross-section 
varies from five to 49 years (Figure 25).  The data collected includes cross-sectional area, 
banktop-to-banktop width, maximum depth, mean depth, and the width/depth ratio (Table 
13).  While each individual cross-section may reflect effects of recent scour and fill 
events, some observations may be deduced.  The average rate of thalweg elevation 
change for all thirteen streams is -1.89 cm/yr (Table 14).  A negative rate indicates that 
these thirteen locations have been, on average, degrading over time.  The average rate in 
the change of cross-sectional area for all thirteen streams is 0.88 m2/yr (Table 15).  The 
positive rate here may be misleading; if the LKC 1988U measurement is excluded from 
the calculation, the average rate in the change of cross-sectional area is -0.28 m2/yr.  The 
negative rate suggests a gain of alluvium into storage.  The average rate in the change of 
the banktop-to-banktop width at all thirteen locations is -0.44 m/yr (Table 16).  The 
negative rate indicates that on average these streams, at these locations, are becoming 
narrower; again if the LKC 1988U measurement is excluded from the average 
calculation, the average rate of banktop-to-banktop width change is 0.052 m/yr.  The 
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positive rate indicates widening.  Channel slopes were also calculated using the bridge 
cross-sectional data for LKC, MC and Big Creek.  Differences in channel thalweg 
elevations between upstream and downstream bridge crossings was divided by the 
distance between the two sites.  Over four year spans in LKC (1998-2002) and MC 
(1996-2000), and a five year span in Big Creek (1998-2003) channel slopes in all three 
streams decreased.  LKC slopes changed from 9.91 x 10-4 to 9.74 x 10-4, MC slopes from 
8.93 x 10-4 to 8.89 x 10-4, and Big Creek slopes from 3.29 x 10-3 to 3.11 x 10-3. 
 Tempe Creek at FM 1988 (Figure 2) is the only site with data available from the 
pre-dam era.  At this location degradation has occurred since 1954.  The thalweg 
elevation has fallen each year the site was surveyed (averaging 5 cm/yr over a 49 year 
span and 13 cm/yr over the last 7 years).  Tempe Creek appears to have adjusted 
drastically since the first survey.  The 1954 stream survey appears to show a rather 
engineered and unnatural stream cross-section (Figure 25).  This rather wide and flat 
channel may explain the drastic degradation in thalweg elevation.   
 Changes in cross-sectional area, banktop-to-banktop width, maximum depth, and 
mean depth at the thirteen sites varied from measurement to measurement.  The data 
presented above (i.e. average rates of change of the parameters: banktop-to-banktop 
width, cross-sectional area, and thalweg elevation) uses the earliest and latest surveys to 
suggest a general trend in the behavior of the stream cross-sections.  Although 
measurements were variably between survey dates (Appendix 1), the means reported 
above do represent the general trend in at-a-station change in the tributary streams.   
 Surface water measurements from the U.S. Geological Survey show little change 
in width/mean depth ratios at LKC 190 since measurements began in 1962 (Figure 26).  
At MC 146 an increase in the general trend of width/mean depth ratios occurred after 
1980 (Figure 27).  This increase in MC suggests an increased frequency of overbank flow 
and a possible hydraulic geometry response to damming of the trunk stream.   
Geomorphic Indicators of Change 
 Geomorphic indicators of change may be used to assess channel change, and may 
imply the direction in which change is occurring or has occurred.  Field mapping and 
observations of indicators of change within the tributaries suggest that at most of the sites 
the tributaries are geomorphically active, either migrating laterally or degrading.  Field 
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evidence of channel responses at the field sites is summarized in Table 17.  A tight gray 
clay acts as a local ‘bedrock’ in some portions of the lower Trinity basin.  Alluvium 
covering this gray clay was considered active and mobilizable (Table 18).   
Big Creek 
 The Big Creek system is the largest tributary draining the west side of the lower 
Trinity basin (Figure 2).  Interestingly, the drainage of Big Creek flows into/around a 
back-swamp area called Gramma Grass Bottoms, before entering the Trinity River about 
44.5 km below the impoundment.  Gramma Grass Bottoms is one of many paleo-
meanders and meander scars that influence drainage patterns in the lower Trinity basin.  
The mouth of Big Creek is graded to the Trinity with numerous trees collapsed into the 
channel (Figure 28).  At low flow, with minimal discharge entering the Trinity, there was 
no evidence of a delta.  Upstream of the mouth, three sites were visited.  All three 
locations (Big Creek Scenic Area, 150, 222) show evidence of either channel widening or 
lateral migration (Table 19).  The amount of alluvium covering the resistant clay layer in 
the channel was no less than 15 cm and greater than 45 cm on channel bars at all three 
locations (Table 18), suggesting a transport-limited system.   
Burnett Creek 
 Burnett Creek is a tributary to the Long King Creek system (Figure 2), forming 
part of the northernmost portion of the study area.  Two sites were visited during the field 
seasons (942 and 350).  At both locations indicators of change (Table 17) provided 
evidence of channel incision or channel widening (Table 19).  A partially buried toilet 
bowl suggests that aggradation within the channel has occurred at 350.  Degradation has 
also occurred at the 350 bridge crossing.  Since the bridge was constructed, at least 35 cm 
of downcutting has occurred (Figure 29).  The depth of alluvium in the channel is a 
minuscule 1 to 2 cm, with much greater depths in the lateral channel bars (Table 18).   
Huffman Creek 
 The mouth of Huffman Creek enters the Trinity 10.7 km (river kilometers) 
downstream of Livingston Dam (Figure 2).  Huffman Creek is the closest tributary (in 
this study) to the Livingston Dam on the Trinity River.  Draining a portion of the western 
lower basin, the mouth of Huffman Creek was inaccessible due to private land 
restrictions.  Upstream, one site (222) within the Sam Houston National Forest was 
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visited.  At this location the stream appeared relatively stable, with very few indicators of 
change suggesting recent activity.  Vegetation had colonized the channel banks (Figure 
30) and slight undercutting of both banks has occurred.  The amount of alluvium 
covering the clay layer in the channel was 24 cm (Table 18) and a few bedforms were 
present. 
Little Creek 
 On the west side of the lower Trinity River basin, Little Creek flows through the 
eastern portions of the Sam Houston National Forest where it enters Big Creek (Figure 
2).  The Little Creek site was the most pristine location of the twenty-four sites.  Located 
within a National Forest, this site was spanned by a simple bridge with minimal traffic 
and influenced by nominal human disturbance.  Few indicators of change were observed, 
suggesting a relatively stable area.  Recent aggradation has occurred (a tire was partially 
buried) and bedforms were present (Table 17).  The depth of alluvium over the clay layer 
was greater than 110 cm in the channel (Table 18), suggesting a transport limited system.   
Long King Creek 
 Long King Creek (LKC) is the largest tributary system in the lower Trinity basin 
(Figure 2).  LKC enters the Trinity River about 16.21 km below the impoundment.  
Defining the northern boundary, and draining part of the east side of the study area, LKC 
flows through the most developed portions of the study area.  The town of Livingston 
(population 5,433; source: US Census, 2000) sits along the east bank of LKC (Figure 2).   
 Seven field sites were visited, spanning a wide range in land-use conditions.  At 
the LKC 350 site, evidence of geomorphic activity included exposed tree roots and 
undercutting of trees on the channel banks (Table 17).  The channel appeared to be 
actively migrating laterally to the west.  The bridge at this crossing contained three 
culverts.  Two of these openings (east and middle) were partially filled with alluvium, 
while the stream flowed through the west opening (Figure 31).  The depth of alluvium 
over the clay layer was 0 cm in the channel, and 26 cm on the channel bar (Table 18).   
 The headwaters site contained numerous small knickpoints, tree roots exposed on 
steep channel banks and small tributaries (Table 17) that were not graded to LKC (Figure 
32).  At this site the depth of alluvium over the clay layer was greater than 46 cm (Table 
18).   
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 At site 942, bank erosion and exposed tree roots on the channel banks (Table 17) 
suggest channel widening may be occurring (Table 19).  The depth of alluvium in the 
channel was 23 cm (Table 18).   
 A shopping center is located adjacent to the US 190 site (Figure 33).  Here, 
evidence of bank erosion and floodplain accretion was observed (Table 17).  A 
knickpoint was present (Figure 34), but is located downstream of a low-water crossing 
that may be causing an increased (artificial) resistance to downcutting.  Figure 34 also 
illustrates the presence of the clay layer on the channel floor, indicating no alluvium was 
present in the channel (Table 18).   
 At the 1988U site, bedforms, stable banks and a partially buried engine block 
(Table 17) suggest this area might be stable with slight aggradation occurring (Table 19).  
The bridge abutment did show evidence that downcutting has occurred since the bridge 
was constructed (Figure 35).  In the channel, there was no alluvium covering the resistant 
clay layer (Table 18).   
 The 1988L site had abundant alluvium stored within the channel banks.  
Moderately-sized sandbars were present, which had evidence of accretion and 
colonization by vegetation (Table 17) (Figure 36).  Channel incision at this site has 
allowed vegetation encroachment to stabilize the channel banks (Table 19).  46 cm of 
alluvium was present in the channel, while on average, the sand bars had in excess of 
over 110 cm of alluvium covering the clay layer.  Dendrogeomorphic measurements 
suggest that this area is aggrading, with a mean rate of 73 mm/yr (Table 20).   
 The mouth of LKC is a very active and geomorphically dynamic location.  During 
multiple visits to the site, a delta was consistently present (Table 17) and constantly 
changing shape and size (Figure 37; Figure 38).  About 300 m downstream of the 
junction with the Trinity River, the Trinity is transversed by a railroad bridge and US 59.  
A mid-channel concrete support for the railroad bridge showed evidence of at least five 
meters of downcutting in the channel since the bridge was constructed in 1917 (Phillips et 
al., 2004a).  At the LKC mouth, a vegetation line and scarp mark an older, higher bank 
position (Figure 39), about 3.5 m above the channel.  This evidence of downcutting 
(Table 19) suggests that LKC has experienced a drop in its baselevel.  Further, younger 
vegetation has noticeably encroached down the channel banks and colonized part of the 
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delta (Figure 40).  At its mouth, LKC has cut down to the clay layer, and has >110 cm of 
alluvium on the built-up parts of the delta (Table 18).  While incision has occurred at the 
mouth, aggradation is also occurring here.  Dendrogeomorphic measurements (right bank 
floodplain/delta area) suggest a mean accretion rate of 12 mm/yr (Table 20).  This rate is 
similar to the 18.5 mm/yr accretion rate that Phillips et al. (2004) reported for Goodrich 
(left bank area of LKC floodplain near the confluence).  Two surveys (July 2003 and 
November 2005) across the mouth of LKC’s delta surface suggest an abundance of 
alluvium in the channel (Figure 41).  While the surveys were not completed at precisely 
the same location, they do illustrate a dynamic and shifting channel system.   
 LKC enters the Trinity River at a slightly obtuse angle, appearing as a barbed 
tributary.   The right bank area of LKC’s delta was described earlier in the Aerial Photos 
section as an area with younger vegetation and possibly aggrading since the earliest photo 
(1958).  A survey on the right bank of the delta area in November 2005, parallel to LKC 
and perpendicular to the Trinity River, revealed an ancestral channel and natural banks or 
levees (Figure 42).  These features may represent an old course of LKC (the features 
don’t appear to be of the magnitude of Trinity River features) (Figure 43), and offer one 
explanation for the strange angle of confluence.  If LKC once flowed through this area, 
while the Trinity was migrating laterally towards its left bank, it may have captured a 
meander and rerouted and shortened LKC’s course.   
Long Tom Creek 
 Long Tom Creek (LTC) is a tributary to the Long King Creek system (Figure 2).  
Two sites were visited during trips to the field, 350 and 942.  At LTC 350, undercut 
banks dominated the left bank, and were less noticeable on the right bank.  Tree roots 
were exposed on the channel banks (Figure 44) and trees were tilted into the channel 
(Table 17).  The channel itself was flatter and wider than other headwater streams in the 
area (Table 19).  A partially-buried cultural feature suggests that aggradation is occurring 
in the system; 3 cm and 21 cm of alluvium covered the clay layer in the channel and on a 
channel side bar, respectively (Table 18).   
 At the LTC 942 site, both banks were undercut, tree roots were exposed on the 
channel banks (Table 17).  The bridge spanning the stream also showed evidence of 
channel incision.  The bridge abutment is undercut and exposed subaerially (Figure 45).  
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This evidence suggests that channel incision is the dominant mode of adjustment at this 
site (Table 19).  9 cm of alluvium covered the clay layer in the channel and 81 cm of 
alluvium covered the clay on the channel side bar (Table 18). 
Menard Creek 
 Menard Creek (MC) is the second largest tributary system in the lower Trinity 
basin (Figure 2), and enters the Trinity River about 39.4 km downstream of the 
impoundment.  MC flows through the southern portion of the Big Thicket National 
Preserve.  Six field sites along MC were visited. 
 MC 190 is the furthest upstream site in the MC basin.  This site exhibited little 
evidence of change (Figure 46); minor undercutting had occurred at the channel margin, 
and only a few trees had exposed roots on the channel banks (Table 17).  A slight channel 
incision has likely occurred here while the location appeared stable (Table 19).  The 
alluvium thickness in both the channel and on the side bars was around 20 cm (Table 18). 
 Situated in a heavily wooded area, MC Soda East Loop had evidence of bank 
erosion, exposed tree roots in the channel banks (Figure 47), fallen trees in the channel, 
and a partially buried cultural feature (Figure 48) (Table 17).  Channel incision is 
indicated by the field indicators of change (Table 19).  The alluvium thickness in both the 
channel and on the side bars was greater than 75 cm (Table 18). 
 Also located in a heavily wooded area, MC 943 had no field evidence of 
geomorphic change (Table 17) (Figure 49).  The cypress dominated (Taxodium 
distichum) swampy area appeared stable and showed no signs of aggradation or 
degradation (Table 19). 
 At MC 146, the channel banks appeared relatively stable with no evidence of 
undercutting or widening.  Trees along the channel banks were growing out over the 
channel (Figure 50).  Slight channel incision (Table 19) was indicated by an exposed 
bridge abutment (Figure 51) and tree roots at low flow (Table 17).  The depth of alluvium 
in the channel was 34 cm, and 59 cm on the lateral channel bars (Table 18). 
 MC 2610 is about 1.5 km from the junction with the Trinity River (Figure 2).  At 
this site, trees had fallen into the channel, roots were exposed on the channel banks, and 
erosion scarps were on the banks (Figure 52) (Table 17).  These indicators of change 
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suggest channel incision has occurred (Table 19).  Alluvium thickness over the clay layer 
in the channel and on the channel side bars was deeper than 90 cm (Table 18). 
 The mouth of Menard Creek enters the Trinity River within the zone still affected 
by the Livingston dam.  At the mouth of MC, a delta is forming (Figure 53) and a mid-
channel bar within the Trinity, which formed between 1958 and 1968, appears to have 
been breached between 1968 and 1982 (Figure 54) (Table 17).  Simultaneously, delta 
accretion and bank erosion (Figure 55) have occurred.  Bank erosion was present in the 
form of slump-blocks, some containing trees in the upright position and producing green 
foliage.  A large gully was surveyed near the mouth of MC in December 2004.  This 
gully was graded to MC, but displayed steep slopes and numerous knickpoints (Figure 
56).  Many of the knickpoints were armored by tree roots, suggesting the gully had 
recently formed.  These geomorphic indicators of change suggest that channel incision 
has occurred (Table 19).  Accretion is also occurring at this site; 9 mm of sediment was 
measured covering the previous winter’s litter layer in August 2002 (Table 20) (Phillips 
et al., 2005).   Within the channel the gray clay layer was exposed, while on the delta the 
alluvium thickness was in excess of 90 cm (Table 18). 
Tempe Creek 
 Tempe Creek is a tributary within the Long King Creek system (Figure 2).  Field 
evidence of geomorphic indicators of change include exposed tree roots on the channel 
banks, trees tilted and fallen into the channel, and bank erosional scarps (Figure 57) 
(Table 17).  The V-shaped channel form suggests that the stream has incised (Table 19).  
The absence of alluvium (0 cm to the clay layer) (Table 18) suggests that this stream is 
supply limited.   
Upstream Tributaries 
 Upstream of Lake Livingston two tributaries were observed.  Bedias Creek drains 
portions of Madison, Walker, and Grimes Counties on the west side of the Trinity basin 
(not shown in Figure 2).  Kickapoo Creek drains portions of Trinity and Polk Counties 
and flows into Lake Livingston from the east, near Onalaska (Figure 2).  Both tributary 
sites visited are situated in areas unaffected by backwater flooding effects from the dam.  
The two sites showed essentially the same trend as the downstream tributaries.  They 
were both cut to, or near to the tight gray clay layer.  Both creeks had active sediment 
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systems with mobile point bars and cut banks.  At the mouth of Bedias Creek a mean 
accretion rate of 25 mm/yr was calculated using dendrogeomorphic methods (Table 20).  
This rate was similar to tributary sites downstream of Lake Livingston, as well as other 
sites along the Trinity River (Phillips et al., 2004).   
Qualitative Change 
 Geomorphic changes at each cross section are summarized in Table 21.  At most 
of the sites geomorphic activity is evident.  Channel incision and widening appear to be 
the dominant action occurring in the tributaries.  This sort of activity would be expected 
in these streams, regardless of system perturbations, as they evolve and dissect the 
landscape.  The most dynamic location of geomorphic change occurs at the confluence 
with the Trinity River.  Only two of these sites (the mouths of LKC and MC) were 
observed during this study.  There appears to be no fundamental differences in the 
reactions of the tributaries regardless of distance from the dam, or east versus west sides 
of the basin.   
Summary and Synthesis 
 Considering the large amount of information described above, there are some 
general observations that may be made.  While Livingston Dam has caused a disruption 
in the sediment system of the lower Trinity River (Phillips and Musselman, 2003; Phillips 
et al., 2004; Phillips et al., 2005), it may have had a negligible effect on the tributaries.   
Incision and Aggradation 
 U.S. Geological Survey records show an increase in discharge and a possible 
change in flow regime in the post-dam era on both gauged tributaries (LKC and MC).  As 
Wellmeyer et al. (2004) noted for the Trinity, this increase might be attributable to 
increased precipitation in east Texas in the post-dam period.  During the pre-dam period 
(while data was being collected for LKC and MC) east Texas was experiencing a mild to 
moderate drought (Riggio et al., 1987).   
 Load comparisons in LKC spanning nearly identical periods of precipitation 
during pre- and post-dam periods suggest an increase in post-dam suspended sediment 
production.  Although single event suspended sediment load concentrations were shown 
to slightly decrease in the post-dam period, this slight decrease in concentration (which is 
not statistically significant) is probably not representative of the entire post-dam period.  
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While daily mean flow was 13% lower in the four-year post dam span, the daily mean 
suspended sediment concentration and total suspended sediment yield both increased by 
22% and 27%, respectively.  Increased sediment production may have resulted from an 
adjusting tributary system with an increased energy regime (caused by a degrading 
Trinity River), may reflect the lack of historical record available for pre-dam conditions, 
or may reveal changing land use/cover conditions within the LKC basin. 
 Surveys at thirteen bridge crossings showed a tendency toward degradation may 
exist in the tributaries.  On average the creeks’ thalweg elevations dropped 1.89 cm/yr.  
Further evidence of degradation in the creek channels included geomorphic indicators of 
change.  19 of the 25 sites (76%) had geomorphic indicators (trees and bridge features) 
that suggested degradation had occurred within relatively recent times (within the past 50 
years).  At the remaining six sites buried objects (such as a refrigerator, engine block, 
toilet and bridge features) suggested that aggradation had occurred in recent times.  
Widening and Narrowing 
 Sedimentological characteristics in all the tributaries suggest that little sediment is 
coming from upland sources.  100 percent of the sediment samples had a modal 
angularity of either subrounded or subangular.  The high percentage of subrounded and 
subangular grains suggests the alluvium in the tributary channels is incorporated in an 
active sediment transport system reworking sediment from within channel storage.  
Further, 80 percent of the samples analyzed contained less than 25 percent staining.  The 
staining results also support a highly active sediment system in the tributaries.  These 
sedimentological characteristics may suggest that minor changes in channel widening and 
narrowing have occurred with little sediment inputs from upland sources.   
 An increase in slope of the LKC system may have resulted from an increased 
energy regime within the Trinity system.  Between 1968 and 1982, an oxbow lake was 
created 3.85 km upstream from the confluence with the Trinity.  This is the only 
perceptible (from aerial photos) planform change within the tributary systems.   
 Cross-sectional area change was measured from thirteen bridge surveys.  The 
average rate at which cross-sectional area changed was 0.88 m2/yr.  This rate of change 
suggests that over time there has been an increase in channel area (e.g. alluvium in 
storage is being removed from within the channel).  At 17 sites (68%), field evidence 
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(trees and bridge features) suggested that width had increased within relatively recent 
times (50 years).  The average rate at which banktop-to-banktop width has changed (-
0.439 m/yr) suggests channel narrowing in the tributary creeks.   
Changes at Creek Mouths 
 Both pre- and post-dam periods show on average a time lag existed between LKC 
hydrograph peaks and Trinity River hydrograph peaks.  This asynchronicity increased 
slightly in the post-dam era.  Phillips et al. (2005) speculated that peak sediment inputs 
are delivered before the river discharge increases enough to transport the larger particles.  
This hypothesis is supported by stratigraphy at the creek mouths, where the delta is 
characterized by alternating layers of sand and clay.  While LKC discharge wanes, 
Trinity River high flows cause backwater flooding into the tributary mouth, which 
facilitates fine-grained deposition (clay layers).  Analysis of sediment grab samples 
showed higher percentages of finer material accumulated at the mouths of both LKC and 
MC.  At normal and low stage conditions (in both LKC and MC) flow consistently 
caused a sediment plume into the Trinity River.   
  LKC and MC confluences with the Trinity River are areas sensitive to system 
change.  Using aerial photography that spans 37 years (10 years prior to impoundment 
through 1995), geomorphic change at LKC’s mouth was shown to be dramatic.  At its 
confluence with the Trinity, LKC has continued to build a substantial delta system 
through cycles of degradation and accretion.  Vegetation on the delta has been stripped 
by numerous storm events over the years, but has continued to recolonize and encroach 
upon the channel.  The channel itself has shifted laterally across the delta during the four 
years of field work in this study.   
 At its confluence with the Trinity, MC has been less active than LKC.  MC has 
experienced a drop in baselevel as the Trinity degraded and shifted laterally after 
impoundment.  At the mouth, MC has built a delta system which interacts complexly 
with the Trinity.  Gullying on the channel banks and channel erosion provide sediment to 
the system.  
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Table 2. Characteristics of the study tributaries in the lower Trinity River Basin 
Stream 
Relief 
(m) 
Drainage 
area 
(km2) 
Underlying 
Geologic Formation Gauged Sinuosity 
Mean 
daily  
Q* 
(m3/s) 
Max 
Q* 
(m3/s) 
Min Q* 
(m3/s) 
Big Creek 93 173 Willis Fm, Lissie 
Fm, Deweyville Fm 
N 1.27 - - - 
Burnett Creek 52 48 Catahoula Fm, 
Willis Fm 
N 1.34 - - - 
Huffman Creek 64 31 Willis Fm, Lissie 
Fm  
N 1.38 - - - 
Little Creek 43 14 Willis Fm N 1.08 - - - 
Long King Creek 88 549 Willis Fm, 
Beaumont Fm 
Y 1.38 3.19 852.3 0 
Long Tom Creek 66 109 Catahoula Fm, 
Willis Fm 
N 1.26 - - - 
Menard Creek 91 414 Willis Fm, Lissie 
Fm, Beaumont Fm, 
Deweyville Fm 
Y 1.23 3.78 339.8 0.074 
Mud Creek 62 14 Willis Fm N 1.39 - - - 
Tempe Creek 49 116 Willis Fm N 1.41 - - - 
*Max and mean (Q) discharge for the entire period of record. 
 
 
Table 3. Discharge and precipitation statistics for the two USGS gauged 
tributaries in the lower Trinity River Basin 
  Long King Creek   Menard Creek   
  
Complete 
record 
(m3/s) 
Pre-
dam 
(m3/s) 
Post-
dam 
(m3/s) 
Complete 
record 
(m3/s) 
Pre-
dam 
(m3/s) 
Post-
dam 
(m3/s) 
Mean 3.17 1.54 3.44 3.78 1.51 3.96 
Median 0.37 0.13 0.45 1.36 0.62 1.47 
Mode 0.31 <0.01 0.31 0.57 0.57 0.48 
       
Precipitation* (cm/yr) 127.5 111.25 130.37       
*Precipitation data from the Livingston 2 NNE NOAA station (ID # 415271). 
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Table 4. The difference in long term and short term discharge records from numerous 
Texas coastal plain rivers near the study area. The above-average daily flows during the 
pre-dam record for both LKC and MC is supported by increased flows in other rivers. 
Long Term    
Stream Date 
Mean 
daily Q 
(m3/s) 
Percent 
increase 
Trinity River at Romayor 5/1/1924 - 9/27/1968 202  
 9/29/1968 - 9/30/2003 249 23 
Trinity River at Liberty 11/25/1940 - 7/30/1968 454  
 12/2/1968 - 6/25/2003 630 39 
Sabine River at Bon Wier 10/1/1923 - 9/27/1968 188  
 9/29/1968 - 9/30/2003 211 12 
Sabine River near Ruliff 10/1/1924 - 9/27/1968 232  
 9/29/1968 - 9/30/2003 245 6 
Neches River at Evadale 4/1/1921 - 9/27/1968 171  
 9/29/1968 - 9/30/2003 193 13 
Village Creek near Kountze 6/1/1924 - 9/27/1968 22  
 9/29/1968 - 9/30/2003 28 27 
E. Fork San Jacinto River near Cleveland 5/1/1939 - 9/27/1968 6.03  
 9/29/1968 - 9/30/2003 7.56 25 
Brazos River near Hempstead 10/1/1938 - 9/27/1968 192  
 9/29/1968 - 9/30/2003 197 3 
Brazos River at Richmond 10/1/1922 - 9/27/1968 207  
 9/29/1968 - 9/30/2003 215 4 
Short term    
Long King Creek 1/1/1963 - 9/27/1968 1.54  
 9/29/1968 - 9/30/2003 3.44 123 
Menard Creek 12/1/1965 - 9/27/1968 1.51  
 9/29/1968 - 9/30/2003 3.96 162 
Trinity River at Goodrich 12/1/1965 - 9/27/1968 226  
 9/29/1968 - 9/30/2003 232 3 
Trinity River at Romayor 1/1/1963 - 9/27/1968 163  
 9/29/1968 - 9/30/2003 249 53 
Trinity River at Liberty 1/1/1963 - 7/30/1968 376  
 12/2/1968 - 6/25/2003 630 68 
Sabine River at Bon Wier 1/1/1963 - 9/27/1968 85  
 9/29/1968 - 9/30/2003 211 148 
Sabine River near Ruliff 1/1/1963 - 9/27/1968 117  
 9/29/1968 - 9/30/2003 245 109 
Neches River at Evadale 1/1/1963 - 9/27/1968 80  
 9/29/1968 - 9/30/2003 193 141 
Village Creek near Kountze 1/1/1963 - 9/27/1968 12  
 9/29/1968 - 9/30/2003 28 133 
E. Fork San Jacinto River near Cleveland 1/1/1963 - 9/27/1968 3.85  
 9/29/1968 - 9/30/2003 7.56 96 
Brazos River near Hempstead 1/1/1963 - 9/27/1968 176  
 9/29/1968 - 9/30/2003 197 12 
Brazos River at Richmond 1/1/1963 - 9/27/1968 185  
  9/29/1968 - 9/30/2003 215 16 
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Table 6. Annual and average amounts of sediment exported from Long King Creek 
basin over two four-year spans with similar precipitation records.  
  
Precipitation 
(cm) 
Daily mean 
Flow (m3/s) 
Daily mean 
SS (t/d)* 
Daily mean SS 
concentration (g/l) 
Total SS 
yield (t)* 
1965-1968 121.5 3.83 558.8 0.358 406788 
1975-1978 120.8 3.33 568.6 0.438 517387 
% change -0.58 -13.1 1.8 22.3 27.2 
SS: suspended sediment 
* Adjusted for depth integrated as described in text.  
 
 
 
Table 7. Suspended sediment concentrations produced 
at Long King Creek 190 during storm events that 
occurred in the pre- and post-dam period. 
Hydrograph 
Peak Date 
Event Q 
(m3/s) 
Event Qs 
(tons) 
Total SS 
Concentration 
(g/l) 
Pre-dam    
2/10/1966 310.6 69673 6.39 
3/28/1966 20.7 773 1.03 
4/25/1966 199.3 56935 5.37 
5/2/1967 92.7 3849 1.25 
4/9/1968 205.4 5797 1.99 
6/24/1968 432.3 97094 7.19 
Mean 210 39020 3.87 
S.D. 147 41077 2.76 
Post-dam    
1/6/1970 28.5 1415 3.06 
6/1/1976 59.3 12324 0.04 
4/20/1979 537.2 105259 0.69 
Mean 208 39666 1.26 
S.D.  285 57066 1.59 
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Table 8. Percentage distributions for all sediment samples 
  
very 
coarse 
sand 
coarse 
sand 
medium 
sand 
fine 
sand 
very fine 
sand silt fines 
Site* 1 mm 
0.5 
mm 
0.25 
mm 
0.125 
mm 
0.0625 
mm 
0.004 
mm 
<0.004 
mm 
Big Creek BCSA 23.24 16.75 18.31 14.99 13.56 12.95 0.20 
Big Creek 150 19.03 20.35 20.51 14.29 13.08 12.68 0.06 
Big Creek 222 19.05 16.06 21.43 17.54 13.13 12.76 0.02 
Burnett Creek 350 19.06 16.81 21.90 15.83 13.38 12.78 0.24 
Burnett Creek 942 18.97 15.60 19.50 20.06 13.15 12.69 0.03 
Huffman Creek 222 19.14 18.40 22.02 14.89 12.90 12.65 0.00 
Little Creek SHNF 19.14 16.81 19.78 17.89 13.48 12.82 0.07 
LKC 350 20.54 19.07 19.72 14.77 13.08 12.73 0.09 
LKC Headwaters 18.83 16.38 22.51 16.89 12.81 12.56 0.02 
LKC 942 18.46 17.51 25.35 14.78 12.07 11.74 0.10 
LKC 190 18.87 19.32 17.07 15.79 14.37 13.17 1.41 
LKC 1988 U 19.39 22.11 19.41 13.67 12.80 12.61 0.01 
LKC 1988 L 19.08 16.36 15.52 19.74 15.89 12.84 0.56 
LKC Delta Surface 18.49 15.46 14.77 22.29 16.33 12.41 0.25 
LTC 350 19.08 18.23 22.76 14.26 12.91 12.71 0.05 
LTC 942 18.97 15.72 18.83 18.65 14.60 12.92 0.31 
MC 190 18.72 15.16 18.87 20.80 13.76 12.58 0.10 
MC Soda East Loop 26.94 16.81 16.75 13.95 12.89 12.63 0.03 
MC 943 19.08 15.42 17.49 20.62 14.19 12.95 0.25 
MC 146 point bar 19.42 22.34 18.95 13.71 12.90 12.67 0.02 
MC 146 tributary 24.45 16.88 18.28 14.79 12.95 12.63 0.01 
MC 2610 18.86 17.16 16.86 16.89 15.37 13.40 1.47 
MC mouth 18.89 16.00 15.35 16.19 17.59 14.78 1.21 
MC mouth floodplain 19.04 17.18 15.40 14.48 17.21 15.33 1.35 
Tempe Creek 19.46 17.93 16.87 17.07 14.76 13.18 0.73 
Mean 19.77 17.43 18.97 16.59 13.97 12.93 0.34 
* Channel sample unless otherwise noted.      
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Table 9. Grain size comparisons for sites in the three largest tributary basins 
from the furthest distance from the Trinity to the tributary mouth.  
Site Pct silt + clay Pct ≤ fine sand Pct ≥ medium sand 
LKC 350 12.8 40.7 59.3 
LKC Headwaters 12.6 42.3 57.7 
LKC 942 11.8 38.7 61.3 
LKC 190 14.6 44.7 55.3 
LKC 1988 U 12.6 39.1 60.9 
LKC 1988 L 13.4 49.0 51.0 
LKC Mouth 12.7 51.3 48.7 
    
MC 190 12.7 47.2 52.8 
MC Soda East Loop 12.7 39.5 60.5 
MC 943 13.2 48.0 52.0 
MC 146 12.7 39.3 60.7 
MC 2610 14.9 47.1 52.9 
MC Mouth 16.0 49.8 50.2 
    
Big Creek BCSA 13.2 41.7 58.3 
Big Creek 150 12.7 40.1 59.9 
Big Creek 222 12.8 43.5 56.5 
Big Creek Mouth NA NA NA 
NA: Not available    
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Table 10. Summary of coatings and angularity for all the sediment samples 
Site* CoatingsA Angularity RangeB Modal 
Big Creek BCSA common angular-subrounded subangular 
Big Creek 150 rare subangular-rounded subrounded 
Big Creek 222 rare angular-subrounded subangular 
Burnett Creek 350 common subrounded - subangular subrounded 
Burnett Creek 942 rare subrounded-subangular subangular 
Huffman Creek 222 rare subangular-subrounded subrounded 
Little Creek SHNF few subangular-rounded subrounded 
LKC 350 few subangular-subrounded subangular 
LKC Headwaters rare subangular-angular subangular 
LKC 942 rare subrounded-subangular subrounded 
LKC 190 common subangular-subrounded subangular 
LKC 1988 U rare subrounded-subangular subrounded 
LKC 1988 L none rounded-subangular subrounded 
LKC Delta Surface rare subangular-subrounded subrounded 
LTC 350 rare subangular-subrounded subangular 
LTC 942 rare subangular-subrounded subangular 
MC 190 rare subangular-subrounded subrounded 
MC Soda East Loop rare rounded-subangular subrounded 
MC 943 common angular-subrounded subangular 
MC 146 point bar none rounded-subrounded subrounded 
MC 146 tributary rare rounded-subangular subrounded 
MC 2610 rare subangular-subrounded subangular 
MC mouth few subangular-subrounded subrounded 
MC mouth floodplain few subangular-subrounded subrounded 
Tempe Creek many angular-subrounded subangular 
* Channel sample unless otherwise noted.    
Coatings and Angularity categories described in text.   
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Table 11. Summary information for the aerial photos. 
Location Photo Date 
Discharge (m3/s) 
(Trinity/Tributary) Scale Agency 
Long King Creek Mouth CKV-2W-37 19-Nov-1958 NA 1:20000 USDA-FSA APFO* 
Long King Creek Mouth CKV-2HH-180 4-Nov-1968 23a / 0.48 1:20000 USDA-FSA APFO* 
Long King Creek Mouth 309409 HAP 81F 26-Jan-1982 248a / 0.40 1:60000 USDA-FSA APFO* 
Long King Creek Mouth 3094251‡ Jan-1995 NA 1:40000 TNRIS† 
Long King Creek Oxbow CKV-2HH-178 4-Nov-1968 23a / 0.48 1:20000 USDA-FSA APFO* 
Long King Creek Oxbow 309409 HAP 81F 26-Jan-1982 248a / 0.40 1:60000 USDA-FSA APFO* 
Menard Creek Mouth CKV-3W-4 19-Nov-1958 29b / NA 1:20000 USDA-FSA APFO* 
Menard Creek Mouth CKV-2HH-3 4-Nov-1968 26b / 0.31 1:20000 USDA-FSA APFO* 
Menard Creek Mouth 309410 HAP 81F 24-Jan-1982 218b / 1.36 1:60000 USDA-FSA APFO* 
Menard Creek Mouth 3094251‡ Jan-1995 NA 1:40000 TNRIS† 
NA: not available      
a Trinity River at Goodrich     
b Trinity River at Romayor     
* United States Department of Agriculture-Farm Service Agency Aerial Photography Field Office  
† Texas Natural Resources Information System     
‡ DOQQ_NUM downloaded digitally with 1 m2 pixel resolution     
 
 
 
Table 12. Data for bridge crossings and description of how the channel is confined under the bridge
  Distance* 
Drainage 
Areaa  
Stream Site (km) (km2) Confinement 
Big Creek 150 29.4 73.8 No 
 222 25.1 83.8 No 
Burnett Creek 942 41.4 45 No 
Huffman Creek 222 7.7 18.3 No 
Long King Creek 942 42.9 63 Concrete abutment/rip rap 
 190 23.3 365 No 
 1988U 18.8 380 No 
 1988L 6.6 535 No 
Menard Creek 943 34.8 215 Concrete abutment/rip rap 
 146 9.7 394 No 
 2610 1.6 413 No 
Mud Creek 942 42.8 15.2 Concrete abutment and vertical 
banks 
Tempe Creek 1988 16.9 115 No 
* Distance from Trinity River 
a Approximate areas   
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Table 13. Channel dimensions at bridge cross-sections. 2003 surveys by the author; 
earlier surveys from the Texas Department of Transportation. 
Stream Site Date 
Cross-
sectional 
area* 
(m2) 
Width 
(m) 
Maximum 
depth (m) 
Mean 
depth 
(m) 
Width/maximum 
depth 
Big Ck. 150 1980 14.5 22.42 1.19 0.65 18.86 
  2003 11.2 12.35 1.52 0.89 8.10 
 222 1971 30.3 19.99 2.26 1.46 8.86 
  2003 32.5 22.45 2.19 1.42 10.23 
942 1996 24.1 15.63 2.50 1.50 6.25 Burnett 
Ck.  2003 23.6 14.53 2.53 1.58 5.74 
222 1998 12.6 14.84 1.61 0.85 9.22 Huffman 
Ck.  2003 11.3 12.85 1.51 0.87 8.54 
942 1996 1.8 9.46 0.27 0.19 34.48 Long King 
Ck.  2002 2.7 10.76 0.49 0.25 22.06 
 190 1977 29.3 18.01 2.56 1.52 7.03 
  2003 80.9 28.36 4.63 2.66 6.12 
 1988U 1998 144.2 54.32 4.38 2.61 12.41 
  2003 75.9 25.18 3.47 2.23 7.25 
 1988L 1971 65.3 25.33 3.41 2.51 7.43 
  2003 117.9 41.75 4.28 2.73 9.75 
943 Original 5.99 6.86 1.34 0.82 5.12 Menard 
Ck.  2000 9.36 10.47 1.46 0.87 7.16 
 146 1994 99.4 63.49 3.59 1.55 17.69 
  2003 100.1 72.96 4.51 1.47 16.18 
 2610 1996 89.4 38.18 4.22 2.37 9.04 
  2002 84.5 33.63 3.64 2.51 9.25 
Mud Ck. 942 1996 13.1 9.38 2.07 1.37 4.52 
  2003 17.5 11.36 2.62 1.48 4.33 
Tempe Ck. 1988 1954 32.6 23.85 1.63 1.33 14.60 
    2003 25.5 12.69 3.11 1.98 4.08 
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Table 14. Change in thalweg elevation at bridge crossings 
Stream Site 
Thalweg 
change (cm) Years 
Rate 
(cm/yr)* 
Distance from 
Dam (km) 
Slopeª 
(%) 
Big Creek 150 27.4 23 1.19 72.7 2.1 
 222 6.1 32 0.19 68.5 3.05 
Burnett Creek 942 9.1 7 1.30 56.9 0.62 
Huffman Creek 222 -7.6 5 -1.52 18.1 2.37 
Long King Creek 942 12.2 6 2.03 58.0 NA 
 190 -73.2 26 -2.82 39.7 1.8 
 1988U -7 5 -1.40 35.3 2.82 
 1988L -66.4 32 -2.08 22.7 1.47 
Menard Creek 943 -6.1 NA NA 73.8 2.01 
 146 -118.6 9 -13.18 49.2 2.03 
 2610 39 6 6.50 41.3 0.86 
Mud Creek 942 -54.9 7 -7.84 58.2 NA 
Tempe Creek 1988 -248.1 49 -5.06 32.7 2.16 
      Avg. -1.89     
NA: Not available       
* positive indicates aggradation and negative indicates degradation  
ª water surface slope       
 
 
 
 
Table 15. Change in cross-sectional area at bridge crossings 
Stream Site 
X-section 
change (m2) Years 
Rate 
(m2/yr)* 
Distance from 
Dam (km) 
Big Creek 150 3.37 23 0.15 72.7 
 222 -2.25 32 -0.07 68.5 
Burnett Creek 942 0.44 7 0.06 56.9 
Huffman Creek 222 1.24 5 0.25 18.1 
Long King Creek 942 -0.90 6 -0.15 58.0 
 190 -51.60 26 -1.98 39.7 
 1988U 68.31 5 13.66 35.3 
 1988L -52.54 32 -1.64 22.7 
Menard Creek 943 -3.36 NA NA 73.8 
 146 -0.68 9 -0.08 49.2 
 2610 4.88 6 0.81 41.3 
Mud Creek 942 -4.34 7 -0.62 58.2 
Tempe Creek 1988 7.04 49 0.14 32.7 
      Avg.ª 0.88   
NA: Not available   
* positive indicates aggradation and negative degradation   
ª if the LKC 1988U measurement is removed, the average is -0.28, indicating degradation. 
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Table 16. Change in banktop-to-banktop width at bridge crossings 
Stream Site 
Banktop-to-
banktop width (m) Years
Rate 
(m/yr)* 
Distance from 
Dam (km) 
Big Creek 150 -10.07 23 -0.44 72.66 
 222 2.46 32 0.08 68.48 
Burnett Creek 942 -1.10 7 -0.16 56.89 
Huffman Creek 222 -1.98 5 -0.40 18.06 
Long King Creek 942 1.30 6 0.22 57.98 
 190 10.35 26 0.40 39.67 
 1988U -29.14 5 -5.83 35.28 
 1988L 16.42 32 0.51 22.73 
Menard Creek 943 3.61 NA NA 73.82 
 146 9.47 9 1.05 49.18 
 2610 -4.55 6 -0.76 41.28 
Mud Creek 942 1.99 7 0.28 58.19 
Tempe Creek 1988 -11.16 49 -0.23 32.67 
      Avg.ª -0.44   
NA: Not available   
* positive indicates widening and negative indicates narrowing   
ª if the LKC 1988U measurement is removed, the average is 0.05 m/yr, indicating slight 
widening. 
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Table 17. Field evidence of channel responses to geomorphic change 
Stream Site Geomorphic indicators of change 
Big Ck. BCSA Undercut banks, trees fallen across channel, bedforms present 
 150 Erosion scarps on banks, floodplain accretion 
 222 Undercut banks, trees fallen across channel, bedforms present 
Burnett Ck. 350 Trees bending into channel, roots exposed on channel banks,  
  bank erosion, buried cultural feature 
 942 Undercut banks in pools, roots exposed in banks, tilted trees  
  into channel 
Huffman Ck. 222 Slight undercutting of channel banks, stable banks, bedforms  
  present, tilted trees 
Little Ck. SHNF Slight undercutting of channel banks, stable banks, bedforms  
  present, partially buried cultural feature 
Long King Ck. 350 Bedforms present, exposed tree roots on banks, undercut  
  trees on banks, tilted trees into channel 
 headwaters Bank erosion, knickpoints present, roots exposed in banks,  
  tributaries not graded  
 942 Bank erosion, exposed tree roots on banks 
 190 Bank erosion, knickpoint present, floodplain accretion 
 1988U Bedforms present, stable banks, buried cultural feature 
 1988L Point bar accretion, bank stabilization with vegetation  
  encroachment 
 mouth Bank stabilization with vegetation encroachment, floodplain  
  accretion, delta formation, vegetation line 
Long Tom Ck. 350 Undercut banks, exposed tree roots on banks, tilted trees  
  into channel, buried cultural feature 
 942 Undercut banks, tree roots exposed in channel banks,  
  bedforms present, undercut bridge abutment on left bank 
Menard Ck. 190 Undercut banks, few exposed tree roots 
 Soda E. Loop Bank erosion, exposed tree roots on banks, partially buried  
  cultural feature, trees in channel 
 943 Stable banks 
 146 Stable banks, exposed bridge abutments, exposed tree  
  roots in channel 
 2610 Trees fallen across channel, roots exposed, erosion scarps  
  on banks, bedforms present 
 mouth Floodplain accretion, delta formation and river sandbar  
  migration and breaching, bank erosion 
Mud Ck. 942 NA 
Tempe Ck. 1988 Bank erosion, exposed tree roots on banks, sand bar  
    mobility, trees in channel 
NA: Not available (In November 2005, the stream had been rerouted and no flow was present.) 
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Table 18. Depth of alluvium over a tight gray clay 
layer. 
    Depth to clay (cm) 
Stream Site Channel Bar* 
Big Ck. BCSA 70 >86 
 150 15 47 
 222 45 ≥45 
Burnett Ck. 350 1 41 
 942 2 58 
Huffman Ck. 222 24 ≥24 
Little Ck. SHNF >110 >110 
Long King Ck. 350 0 26 
 headwaters 46 ≥46 
 942 23 ≥23 
 190 0 0 
 1988U 0 0 
 1988L 46 >110 
 mouth 0 >110 
Long Tom Ck. 350 3 21 
 942 9 81 
Menard Ck. 190 19 23 
 Soda East Loop >75 >75 
 943 NA NA 
 146 34 59 
 2610 >90 >90 
 mouth 0 ≥90 
Mud Ck. 942 NA NA 
Tempe Ck. 1988 0 0 
NA: Not available   
* Point bars and channel side bars  
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Table 19. Summary of geomorphic changes, based on field indicators (see Table 17).
Stream Site Geomorphic activity 
Big Ck. BCSA Channel widening 
 150 Lateral migration 
 222 Channel widening 
Burnett Ck. 350 Channel widening 
 942 Channel incision 
Huffman Ck. 222 Slight channel incision - stable area 
Little Ck. SHNF Slight channel incision - stable area with aggradation 
Long King Ck. 350 Channel widening / lateral migration 
 headwaters Channel incision 
 942 Channel widening 
 190 Channel incision 
 1988U Slight channel incision - stable area with aggradation 
 1988L Channel incision / widening 
 mouth Channel incision - delta formation 
Long Tom Ck. 350 Channel widening / lateral migration 
 942 Channel incision 
Menard Ck. 190 Slight channel incision - stable area 
 Soda East Loop Channel incision 
 943 Stable area 
 146 Slight channel incision - stable area 
 2610 Channel incision 
 mouth Channel incision - delta formation 
Mud Ck. 942 NA 
Tempe Ck. 1988 Channel incision 
NA: Not available  
 
 
 
 
Table 20. Dendrogeomorphic estimates of recent flood plain accretion ratesa 
Site 
Number of 
trees Measurementsb 
Age range 
(years) 
Mean 
accretion 
rate 
Minimum 
accretion 
rate 
Maximum 
accretion 
rate 
Bedias Creek mouth 2 3 1 25 9 200 
Long King Creek mouth 3 3 15-22 12 2 29 
Long King Creek 1988L 3 6 9-12 73 36 265 
Menard Creek mouth 0 1 1 9 9 9 
a In mm/yr       
b The number of measurements exceeds the number of  trees because adventitious roots were examined or  
alluvium depth covering the previous year's litter layer was measured. 
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Table 21. Qualitative changes in width, depth, slope and roughness, estimated from 
geomorphic indicators of change, aerial photos and bridge cross-sections. 
Stream Site Width Depth Slope Roughness 
Big Ck. BCSA increase increase decrease increase 
 150 increase increase decrease increase 
 222 decrease decrease decrease increase 
Burnett Ck. 350 increase increase increase increase 
 942 increase increase increase increase 
Huffman Ck. 222 increase increase increase decrease 
Little Ck. SHNF increase increase decrease increase 
Long King Ck. 350 increase increase increase increase 
 headwaters increase increase increase decrease 
 942 increase NSC increase NSC 
 190 decrease increase increase increase 
 1988U increase decrease decrease decrease 
 1988L decrease increase decrease increase 
 mouth increase increase decrease increase 
Long Tom Ck. 350 increase increase increase increase 
 942 increase increase increase increase 
Menard Ck. 190 increase increase NSC NSC 
 Soda East Loop NSC increase NSC increase 
 943 decrease NSC NSC NSC 
 146 decrease increase increase increase 
 2610 increase decrease decrease increase 
 mouth NSC increase decrease increase 
Mud Ck. 942 no data no data no data no data 
Tempe Ck. 1988 increase increase increase increase 
NSC: no significant change     
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Figure 28. Confluence of Big Creek with the Trinity River.  The mouth is partially 
plugged with large woody debris and minimal flow is entering the Trinity at low flow. 
 
 
 
 
112 
Figure 29. Portion of bridge abutment crossing Burnett Creek at 350 showing 
approximately 35 cm of downcutting in the channel. 
 
 
 
113 
Figure 30. Huffman Creek at 222 in the Sam Houston National Forest. 
 
 
114 
Figure 31. Long King Creek at 350 showing two openings (left side of bridge) of the 
bride as partially filled with alluvium.   
 
 
115 
Figure 32. Long King Creek headwaters site with numerous exposed roots and a small 
alluvial fan exiting a small non-graded gully tributary on the right side of the picture. 
116 
 Figure 33. Long King Creek at 190 and adjacent development. 
 
 
117 
Figure 34. Long King Creek at 190. A knickpoint is present at the location of an old low 
water crossing. 
 
118 
 
Figure 35. Long King Creek at 1988U, bridge abutment shows evidence of downcutting. 
 
 
119 
Figure 36. Long King Creek at 1988L showing point bar accretion and vegetation 
colonization. 
 
120 
Figure 37. Long King Creek mouth from the air. 
 
 
121 
 Figure 38. Long King Creek’s mouth in November 2005, from the right bank/delta area. 
 
122 
Figure 39. Vegetation line and scarp mark an old bank height about 3.5 m above the 
channel.  
123 
Figure 40. Long King Creek’s delta surface showing younger vegetation becoming 
established (ca. November 2005). 
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Figure 44. Tree roots and an undercut bank at Long Tom Creek 350. 
 
 
128 
Figure 45. Undercut bridge abutment at Long Tom Creek at 942. 
 
 
 
129 
Figure 46. Little evidence of geomorphic change at Menard Creek at 190. 
 
130 
Figure 47. Menard Creek’s Soda East Loop site has evidence of recent bank erosion. 
 
 
131 
Figure 48. Partially buried cultural feature at Menard Creek Soda East Loop. 
 
 
 
 
 
132 
Figure 49. Cypress dominated swampy area at Menard Creek 943. 
 
 
 
133 
Figure 50. Stable channel banks with vegetation growing out and over the channel at 
Menard Creek 146. 
 
 
 
134 
Figure 51. Slight channel incision has occurred at Menard Creek 146. 
 
 
 
135 
Figure 52. Fallen trees, exposed roots and erosion scarps indicate geomorphic change at 
Menard Creek at 2610. 
 
 
136 
Figure 53. Accreting delta surface at Menard Creek’s mouth.  In the background, a 
breached mid-channel bar in the Trinity River. 
 
137 
Figure 54. Bird’s eye view of Menard Creek’s confluence with the Trinity River. 
 
 
 
138 
Figure 55. Slump-block-bank erosion with upright tree and green vegetation at the Mouth 
of Menard Creek. 
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Figure 57. Exposed tree roots, fallen trees and gray clay layer exposed on the channel 
floor at Tempe Creek at 1988. 
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CHAPTER FIVE: DISCUSSION 
 
Discussion 
 The tributaries in the lower Trinity basin are dynamic systems.  In the lower 
Trinity River system, geomorphic characteristics are largely dominated by Holocene sea 
level change and the response to extreme events (e.g. flood of record in 1994), so that 
dam effects are relatively localized.  The geomorphic indicators of change within the 
tributary streams suggest highly active systems changing often in response to varying 
flow conditions.  This makes system responses to the Livingston impoundment difficult 
to distinguish from other fluvial adjustments.  The response to dam-induced Trinity River 
downcutting has apparently not progressed very far up the tributaries.  The responses to 
imposed change caused by the impoundment of the Trinity River are concentrated at the 
mouths, and may not be detectable beyond the confluences.  The mouths of the three 
largest tributaries are behaving quite differently in response to trunk stream adjustments. 
 While the Trinity River’s downstream adjustments to Lake Livingston has caused 
adjustments within the tributary streams, contingency, nonlinearity and other complex 
responses make it difficult to identify any consistent response.   
 The response of a fluvial system to a point-centered perturbation such as a dam 
could be expected to start at the location of the disturbance and propagate downstream.  
The response in the lower Trinity system has been observed for about 60 km downstream 
of the dam.  Further downstream channel incision and/or widening and slope decreases 
are not evident (Phillips et al., 2005).  In the tributaries, the response has apparently not 
progressed up the streams very far.  The question raised is whether the upstream sites are 
unaffected by the dam, or whether the response has not propagated these distances in the 
36 years since the disruption.   
Spatial and Temporal Propagation 
 The spatial and temporal propagation of a disturbance through a system is 
contingent upon local factors and the magnitude, rate, and duration of the change.  
Disturbance migration rates through streams similar to those in this study have been 
shown to vary with basin size; so that rates of migration on mainstem channels are an 
order of magnitude greater than in their tributary basins (Yodis and Kesel, 1993).  If the 
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order of magnitude relationship holds true the disturbance within the Trinity tributaries 
would not have propagated very far upstream.  For example, dam effects propagated 60 
km downstream in about 35 years.  This suggests a mean propagation rate of 1.7 km/yr 
(e.g., 60 km divided by 35 years = 1.7 km/yr).  This exceeds rates found by Galay (1983), 
who reported downstream propagation of stream bed degradation after impoundment in 
sand bed rivers at rates of 0.72, 0.93, and 0.66 km/yr.  Using the estimated rate from the 
lower Trinity (1.7 km/yr), the disturbance would have reached LKC’s confluence in 9.5 
years.  Based on a change in width/depth ratios after 1982, Phillips et al. (2005) estimated 
that downcutting at this site would have occurred by the early 1980s.  Assuming 25.5 
years ago the disturbance reached LKC’s confluence, and a propagation rate of 0.17 
km/yr (e.g., an order of magnitude less than the mainstem), the disturbance would have 
propagated upstream in LKC no more than ~4.5 km since impoundment.  This implies 
that there has not been enough time since impoundment for the disturbance to propagate 
to any of the upstream sites along LKC (LKC 1988L is the closest upstream field site to 
the mouth at 6.6 km).  Even the nearest upstream tributary site to the dam, Huffman 
Creek at 222 would not be affected at these rates.   
 While these calculations are admittedly crude, they do serve to indicate that the 
lack of evidence of propagation of effects at upstream sites is consistent with general 
findings in other studies where distance decay (Germanoski and Ritter, 1988) and 
landscape sensitivity (Yodis and Kesel, 1993) influence the propagation of a disturbance 
within a fluvial system.   
 Regardless of propagation rates, Leopold and Bull (1979) argue that a change in 
baselevel will have little upstream effect.  They concluded that baselevel changes affect 
the vertical part of the longitudinal profile only locally, whereas upstream hydrologic 
controls determine the more regional profile.  Experimental studies have also shown that 
changes in baselevel may produce localized effects, and further upstream responses are 
limited with distance (Koss et al., 1994).   
 While upstream sites on all the tributaries have geomorphic indicators of change 
suggesting active behavior within the system, none of the sites revealed evidence that 
suggests an increase in activity caused by a recent perturbation.  Evidence at numerous 
sites suggested that these tributaries do react to extreme events such as the 1994 flood.  
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An example of this localized response may be illustrated at LKC 1988L.  In response to 
the flood of record, channel scour and widening occurred at LKC 1988L.  Bank slumping 
occurred subsequent to scour and widening (dendrogeomorphic dates [Table 20] and 
eyewitness testimony confirm the timing of the slumps).  Those deposits have since 
become stabilized by vegetation (Figure 36 and Figure 58).   
Storage Effects  
 Upstream responses may also be masked or compensated for by storage effects of 
mass or energy.  Delayed or lagged responses to a perturbation, caused by the storage of 
mass and energy, are nonlinear responses.  The storage of sediment within a fluvial 
system may create a lag between processes of weathering, erosion, transport, and 
sediment yield at the catchment outlet.  Storage of alluvium in coastal plain fluvial 
systems is nearly a ubiquitous response at time-scales of sea level and climate 
oscillations.  Stored alluvium may cause delayed responses to changes in sediment 
systems.  Within the lower Trinity River, sediment budget calculations show a large 
amount of alluvial storage occurring.  A sediment budget constructed to describe 
sediment delivery at the mouth of the Trinity River showed that over 120,000 years worth 
of sediment yields is in storage between the mouth and the dam (Phillips, 2003b).  
Similar depletion times for stored sediment (Table 22) constructed for Long King Creek 
and Menard Creek suggest the amount of alluvium in storage is one to two magnitudes 
less than the Trinity at Liberty.  While smaller amounts of alluvium are in storage in the 
tributaries, the amounts are significant. 
 The tremendous amount of alluvium in storage and the potential amount of time 
that this stored alluvium represents could easily compensate for any system perturbations 
that may affect sediment dynamics in the creeks.  The LKC and MC sediment storage 
data was calculated at the gauging stations (LKC 190 and MC 146), which are 23.3 km 
and 9.7 km respectively away from the confluence with the Trinity River.  The reach and 
floodplain of LKC between the gauging station and the mouth also has significant 
alluvial storage.  The estimated amounts of alluvium in LKC and MC systems, and 
observations during field reconnaissance suggest all the creeks in the lower Trinity basin 
have significant alluvial storage, which may buffer changes in sediment production and 
mask changes in delivery to the Trinity River.   
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 In highly adjustable alluvial channels numerous accommodations may occur to 
accommodate system perturbations (Huang and Nanson, 2000).  A stream can adjust to a 
baselevel change by adjusting its channel planform or meandering pattern, by increasing 
bed roughness, or by changing shape (Schumm, 1993).  In streams with mobile bed 
material, erodible banks and copious debris available for roughness adjustments, multiple 
modes of adjustment and complex responses may make channel adjustments subtle.   
 Within a linear system there is only one mode of adjustment associated with a set 
of external controls and inputs.  Therefore, multiple modes of adjustment are a source of 
nonlinearity.  The unstable hydraulic geometry model of Phillips (1990; 1991) suggested 
channel adjustment is characterized by multiple modes of adjustment rather than a single 
equilibrium response.  Within this model, channel changes are described by qualitatively 
different modes of adjustment (defined as different combinations of increases, decreases 
or negligible changes in width, depth, slope and roughness) (Phillips et al., 2005).   
 At 16 different sites below the Livingston Dam, Phillips et al. (2005) showed 10 
different modes of adjustment along the Trinity River.  At 23 sites within the tributary 
streams, there are 13 qualitatively different modes of adjustment with respect to 
increases, decreases, or lack of change in width, depth, slope and roughness (Table 21). 
Geomorphic Context 
 Geomorphic context will also influence the progression of, and the response to, a 
disturbance within a tributary system.  The tributary streams in the lower Trinity system 
have been cut down to, or near, a resistant tight gray clay.  Field sites on tributary streams 
above Lake Livingston also revealed the gray clay layer near, or at the surface.  Prior to 
the dam perturbation the streams were already actively downcutting.  Tempe Creek at 
1988, the only bridge crossing with pre-1968 data, shows a significant amount of 
downcutting since construction in 1954.  On average the other bridge crossings also 
reveal a tendency toward degradation within the channels.  Geomorphic indicators of 
change also suggest active and continuing downcutting within many of the stream 
channels.  Downcutting in the tributaries has likely been occurring for some time as the 
tributaries are responding to Holocene sea level oscillations.  With streams already 
downcutting, or previously cut to the clay layer, detecting any further downcutting as a 
response to the dam is difficult.   
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 The varying responses to Trinity River downcutting at the confluences of the 
largest three tributaries in the lower basin highlight the relevance of geomorphic context 
as a key determinant of any system response.  While the major changes in the tributaries 
are concentrated at the mouths of the creeks, those mouths are behaving quite differently.  
 Big Creek, which flows into the Trinity the furthest downstream distance from the 
impoundment (~45 km) revealed very little evidence of post-impoundment disturbance.  
The floodplain depression (paleomeander of the Trinity River) and back swamp area 
(Gramma Grass Bottoms) (Figure 2) Big Creek flows through before joining the Trinity 
may act as a local baselevel (and possible sediment sink) for the creek system.  At Big 
Creek’s confluence with the Trinity, minimal evidence of a response to recent 
downcutting was observed during field reconnaissance and it appeared to have reduced 
flows entering the Trinity.  In a geomorphic context, Gramma Grass Bottoms may have a 
greater influence on the Big Creek system than downcutting within the Trinity.   
 Menard Creek joins the Trinity about 39 km below the impoundment.  A large 
portion of Menard Creek’s catchment area drains the Big Thicket National Preserve.  
Thus, MC flows through a predominantly wooded area with similar land use as Big 
Creek (Sam Houston National Forest).  An order of magnitude difference exists in the 
suspended sediment delivery between MC and Long King Creek (Slattery, 2006).  The 
lower amounts of sediment produced by MC may be explained by a much less 
anthropogenically impacted land use setting versus the relatively developed LKC basin.  
A second reason that may also explain the variation in the responses at the creek mouths 
includes MC’s geomorphic and resulting hydraulic setting.  MC’s flow enters the Trinity 
on a cutbank.  In general, flow in a channel accelerates on the outside of a bend and thus 
has elevated sediment transport capacity, able to erode and transport higher amounts of 
alluvium.  Therefore, alluvium delivered to the Trinity from MC would be more 
susceptible to downstream transport, and less likely to be deposited at the confluence.  
This may explain why MC’s delta has not developed as much as LKC’s delta. 
 Degradation of Menard Creek at its junction with the Trinity River has created a 
situation where flooding potential has likely decreased.  Geomorphic indicators of change 
at the mouth of MC suggest that while the channel has not widened, its depth has 
increased (Table 21).  A degrading channel bed with no significant change in flow (in the 
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post-dam period) has led to a situation with reduced overbank flow events.  Reducing 
overbank flow events means a reduction in floodplain accretion and an increased energy 
gradient in gullies draining the floodplain near the mouth (Figure 56).  The gully 
surveyed near the mouth of MC illustrates a rapidly incising floodplain caused by 
downcutting within the tributary channel.  Root armored knickpoints slowed the 
headward progression of the erosion and suggest this gully was relatively recently 
formed.   
 At the Long King Creek and Trinity River confluence, floodplain vertical 
accretion on part of the delta has become self-limiting since the dam’s emplacement, 
altering the morphology of the area.  Aerial photo coverage spanning five decades reveals 
a changing right bank area of LKC’s delta.  The series of photos (Figure 20) contrast the 
right bank area as bare sediment at, or near, delta elevation in 1958 and fully colonized 
with vegetation in 1995.  Field reconnaissance in November 2005 revealed this right bank 
area elevated at least 5 m above the current delta surface.  No evidence of recent 
overbank flood deposits was observed.  Six weeks prior to the reconnaissance (24 
September 2005) the lower Trinity River basin was inundated by Hurricane Rita.  This 
storm caused the Trinity River at Goodrich (Figure 2) to peak with the 18th largest (2,322 
m3/s) discharge on record (according to USGS surface water and peak flow 
measurements at the Goodrich gauging station).    
 The Long King Creek system, the largest catchment in the study area, drains the 
most developed portions of the lower basin.  Although LKC’s confluence also appears to 
be the most influenced by post-impoundment downcutting within the Trinity River, 
geomorphic context may further explain this dynamic location.  Aerial photos at this site 
reveal a delta prior to Trinity River impoundment.  Field reconnaissance at this location 
revealed evidence of old channels and banks on the right bank delta area (Figure 42).  
These features likely represent an abandoned channel of LKC (Figure 43).  If LKC did 
flow across this right bank delta area in the past, the current location of the confluence 
indicates a foreshortening of the stream.  As a consequence of a stream’s length being 
shortened, its slope increases and subsequently raises the energy gradient within the 
system.  An increased energy gradient near its mouth and higher amounts of human 
activity in the basin (e.g. logging, ranching, farming, and urban development) prior to 
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impoundment have produced higher delivery rates of sediment to LKC’s channel and 
thus to its mouth.  Unlike MC, where the Trinity flows are accelerated and may transport 
higher amounts of alluvium delivered to the river, LKC delivers more alluvium than the 
Trinity can transport through the reach of the confluence.  Consequently a delta has 
formed and still exists today.   
Confluence Effects Model Predictions 
The CEM is a heuristic model of channel changes at tributary confluences, 
applied in this case to interpret geomorphic changes downstream of an impoundment.  
This channel change model provides a framework for understanding possible 
morphological changes at these dynamic sites.  Rather than composing an entirely new 
framework, the CEM is based on Brandt’s (2000a) model which predicts widening and/or 
incision to occur in the impounded mainstem during post-dam adjustments.  As offered, 
the CEM does not predict channel adjustments, but provides a framework in which 
various possible channel adjustments may occur, dependent upon impounded trunk 
stream behavior.   
Tributaries entering an impounded mainstem downstream of the dam are often 
ignored completely, or recognized only marginally.  The CEM highlights these 
downstream confluences as locations of variable and contingent adjustments.  Both local 
and global factors will impose contingencies on the mode of channel adjustment to the 
imposed system changes.  As Brandt (2000a) recognized, cross-sectional channel shape 
adjustment will occur as the system responds to new water discharge and sediment load 
conditions.  Adjustments at the tributary’s mouth will involve changes in width, depth, 
slope, roughness, bed level, backwater effect, cross-sectional area and the delta state.  
Other local conditions, such as the grain size, planform of the reach, and biological 
components in both the trunk and tributary streams will also influence the mode of 
change in the tributary mouth.   
Brandt’s (2000a) conclusion that the effects downstream from dams differ greatly 
depending upon “location, environment, substrate, released water and sediment, etc.” 
speaks to the uncertainty attributed to local contingency within a fluvial system.  Brandt’s 
framework is predictive because it allows certain variables to be controlled.  As offered, 
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the CEM is a heuristic model and therefore not valuable as a predictive model unless 
variables can be constrained.   
Within the lower Trinity River basin, numerous small tributaries drain to the 
Trinity.  Through field reconnaissance work and aerial photo investigation, only two 
streams, Long King Creek and Menard Creek, were 1) accessible to investigate and 2) 
large enough to test the CEM.  Of the remaining seven studied tributaries, two additional 
creeks have a confluence with the Trinity.  Huffman Creek flows into the Trinity between 
the dam and LKC and Big Creek flows into the Trinity a few kilometers below MC’s 
confluence with the Trinity.  Big Creek enters the Trinity with significantly reduced 
discharge (Figure 28) after flowing around/through a paleo-meander floodplain 
depression (Figure 2).  Both Huffman and Big Creeks’ confluence locations were 
inaccessible due to privately-owned land restrictions.   
In the CEM, Long King Creek is a Case 3 (Table 1); the Trinity River’s discharge 
has not significantly changed following impoundment, and the channel has downcut at 
this location.  A Case 3 in the CEM predicts variable change in width, depth, roughness 
and cross-sectional area, an increase in channel slope, a degraded bed level, a decrease in 
backwater effects and an aggrading delta.  LKC’s width measured from aerial photos 
(Figure 20) (spanning 37 years: 1958 to 1995) suggests a nominal increase (a maximum 
of ~ 20 m) may have occurred since pre-dam conditions (resolution and varying 
discharge conditions makes this measurement an estimate).  Channel downcutting has 
occurred here as a recent “paleobank” is obvious above the current bank.  The distance 
between the current and contemporary bank top suggests about 3.5 m of downcutting.  
Initially the slope at the mouth of LKC would have increased, but with episodic 
aggradation to the delta, it has likely experienced a complex response of subsequent 
increases and decreases.  No evidence of a significant change in roughness at the mouth 
of LKC was observed while in the field or through aerial photo investigation.  Roughness 
at this site would vary by changing bedforms along the channel floor, the presence or 
absence of large organic debris (LOD), and vegetation encroachment.  Evidence of a 
change in backwater effects is inconclusive, as pre-dam conditions are not available.  
Evidence suggests that delta accretion has occurred (and continues) at this confluence.  
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Aerial photos and observations made in the field suggest the delta is forcing flow in the 
Trinity River to erode its adjacent right bank.   
In the CEM, Menard Creek’s confluence with the Trinity River is a Case 4 (Table 
1).  At Romayor (the Trinity gauging station nearest the confluence) there is no evidence 
of a post-dam alteration in discharge.  At MC’s confluence, the Trinity has incised 
slightly, but the location of the confluence on a cut bank may have a larger influence.  
Measurements from aerial photos confirm the Trinity’s slight migration toward MC’s 
mouth.  This lateral movement (e.g., cut bank) of the Trinity channel toward the mouth of 
MC has foreshortened MC and has essentially the same effect as an increase in channel 
width (e.g., an increase in slope [Figure 10]).  In the CEM, a Case 4 predicts variable 
change in width, depth, roughness and cross-sectional area, an increase in slope, a 
degraded bed level, a decrease in backwater effects and an aggrading or degrading delta.  
Based on geomorphic indicators of change, MC’s width has not significantly changed.  
The channel depth has increased as the bed level degraded and subsequently increased 
the slope.  Cross-sectional area may have increased slightly as the channel degraded.  A 
change in backwater effects is not known, but may have decreased as the channel incised.  
Roughness at this site will vary, as at the LKC mouth, with bedforms and LOD.  Field 
reconnaissance and aerial photos (Figure 23) show a small delta forming at the mouth 
since impoundment.  MC’s delta has not experienced the growth that LKC’s delta has 
and was much more variable during field reconnaissance.   
Within the affected reach of the Trinity River, varying local conditions have 
created situations in which two tributaries are classified as different cases within the 
CEM.  Located closer to the dam, LKC’s confluence was affected by the downcutting 
within the Trinity River associated with a decreased sediment load.  Further from the 
dam, MC’s confluence was more strongly affected by the location at which it joined the 
Trinity.  Flowing into the Trinity near a cutbank, lateral migration coupled with post-dam 
downcutting has caused changes within MC’s mouth.  Applied to both LKC and MC, the 
CEM successfully predicts qualitative morphometric changes in the two tributary mouths 
downstream of the Livingston dam.   
Basic hydraulic relations indicate that given lower baselevel and no change in 
discharge, stream power should increase.  In the context of LKC and MC, changes in 
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stream power have been manifested through other hydraulic geometry variables and the 
geomorphic context of each individual confluence.   
Geomorphic indicators of change at MC’s confluence suggest downcutting, but 
not as much as at LKC.  Downcutting in MC’s channel would increase stream power and 
possibly increase delivery of alluvium to the mouth.  A portion of the increased amount 
of alluvium delivered to the mouth is building a delta because of the slight 
desynchronization of the flood hydrographs with the Trinity.  The rest of the alluvium is 
removed by the increased transport capacity around the cutbank of the Trinity channel.   
LKC’s confluence also has likely experienced an increase in stream power as a 
result of baselevel change.  While stream power likely increased during Trinity River 
downcutting, the highly active channel in both cross-section and planform at the mouth 
suggests that the channel may have adjusted via mechanisms other than (or in addition to) 
bed degradation.  With a delta in place prior to the dam-induced Trinity River 
downcutting, all the sediment delivered from LKC’s basin was previously not being 
transported by the Trinity.  Thus, an increase in stream power and the subsequent 
increased amounts of alluvium would have been subtle.  As the disturbance (coupled with 
the increased stream power) moved upstream it would have caused downcutting 
upstream.  During field reconnaissance a portion of the gray clay layer was exposed on 
the channel floor about 500 m upstream of the confluence.  This exposure may represent 
a complex response in the LKC system.  As degradation propagated upstream, 
downstream aggradation occurred and has subsequently masked any subtle channel 
adjustments caused by the initial increase in slope and stream power at the mouth.   
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Table 22. Sediment storage in two tributary basins and at the Trinity River mouth. 
Sediment export data were estimated using sediment rating curves from Slattery (2006) 
and the Texas Water Development Board, adjusted as described in text. 
Location 
Drainage 
area (km2) 
Total alluvium 
in storage (m3) 
Available 
alluvium 
(tons) 
Drainage 
area 
(%)* 
Years of 
alluvium in 
storage 
Long King Creek 365 19.1 x 107 26.8 x 107 16 3,901 
Menard Creek 394 19.2 x 107 26.9 x 107 17.5 39,114 
Trinity at Liberty 2262* 6.1 x 109 8.5 x 109 100 122,372 
* Below Lake Livingston     
 
 
 
 
 
 
 
 
Figure 58. Vegetation colonizing the channel banks at Long King Creek 1988L. 
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CHAPTER SIX: CONCLUSION 
 
 While the geomorphological effects of dams on downstream hydrology, sediment 
discharge and ecosystems have been extensively studied, these studies rarely consider the 
effects of the impoundment on the downstream tributaries.  In many of these studies 
tributaries are noted for contributing significant inputs of energy (flow) and mass 
(sediment) to the mainstem system.  Beyond the inputs to the impounded trunk stream, 
however, few studies have considered tributary effects beyond the confluence with the 
mainstem.  Although confluences are critical locations which may amplify local 
disturbances within a fluvial system (Benda et al., 2004), upstream coupling within a 
tributary may force system changes beyond its confluence.   
 Flow data in the lower Trinity basin rule out modifications in the discharge 
regime as a significant cause of change.  First, the two gauged tributaries (Long King 
Creek and Menard Creek) along with the three stations on the Trinity River (Goodrich, 
Romayor and Liberty) do not show any indication of post-dam alterations in flow.  On 
the mainstem, slightly elevated flows in the post-dam period (Wellmeyer et al., 2004) 
have been attributed to higher-than-average precipitation during this corresponding 
period.  Precipitation records at Liberty, TX (in the Trinity basin but below the study 
area), show a general increase in the amount of precipitation over the past century.  
During the time period in which discharge data are available for Long King Creek and 
Menard Creek, pre-dam annual mean precipitation amounts are 20 cm less than during 
the post-dam period and 10 cm less than during the entire span of pre-dam precipitation 
record.  This suggests that the short pre-dam discharge data for both tributaries may not 
accurately represent the historical flow trend.   
 While event hydrograph comparisons for storms that occurred during the pre- and 
post-impoundment periods showed a lag between tributary and trunk stream peaks, the 
results are also hampered by the short pre-dam record as well as the resolution of 
available data.  Ideally, hourly discharge (or finer) data would be used to measure 
desynchronization times in hydrograph peaks between pre- and post-dam events.  With 
limited data, hydrograph lags did not change in MC and were shown to increase during 
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post-dam events in LKC, possibly caused by a retardation of large flows through Lake 
Livingston.   
 Sedimentological characteristics of the bed material grab samples in the 
tributaries are similar to samples collected from Trinity River locations.  Grain size, 
angularity and staining all suggest that material in the channels is being reworked and 
little new material is being incorporated from upland erosion.  The tributaries are 
characterized by a high rate of alluvial storage.  This sediment storage essentially buffers 
the Trinity River from changes in sediment supply and alterations in transport upstream.  
No evidence was found to suggest a change in sediment delivery to the Trinity River. 
Channel Change 
 Deltas at the mouths of LKC and MC may suggest a change in sediment 
dynamics, but are likely attributable to the slight changes in hydrographs.  Even though 
no general change in flow regime is associated with the dam, flood waves are slowed as 
they pass through Lake Livingston.  Thus, tributary flows are out of phase with the 
Trinity River.  Subsequently, the tributaries peak sooner.  When the tributaries are 
carrying their maximum sediment loads to the river (most likely on the rising limb of the 
hydrograph), the Trinity has not yet reached its maximum transport potential, and 
deposition occurs.  While changes in the characteristics of the LKC delta have occurred, a 
delta existed prior to 1968 and dam emplacement.  As Trinity flows increase, stream 
power increases, transporting portions of the recently deposited alluvium.  While the 
Trinity flow increases, tributary flows are decreasing, creating backwater flooding.  
Evidence of backwater deposits (higher percentages of fine sand or smaller) occurs on the 
delta surfaces at the mouths of LKC and MC.   
 The variable reactions at the mouths of the two largest tributaries may be 
interpreted using a nonlinear-complex response approach.  Petts’s (1982) complex 
response downstream of an impoundment was characterized by alternating phases of 
erosion and deposition.  These responses or phases are controlled within a reach by the 
character of the processes (the interaction between trunk and tributary) and channel 
morphology before impoundment.  The response differences at the mouth locations of 
Long King Creek and Menard Creek indicate they may be influenced most strongly by 
local conditions.  The LKC basin resides in a different land use setting (more populated 
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and developed) than the MC basin (more rural and including a nature preserve).  These 
local conditions and the reaction of the trunk stream within the reach of the confluence 
are most likely the controlling factors of the nonlinear-complex tributary responses. 
 The Confluence Effects Model (CEM) envisions a typology of morphological 
changes that may occur at a tributary mouth downstream of an impounded river with 
reduced sediment discharge.  Applied to two tributary confluences below the Livingston 
Dam, the CEM successfully predicts the resulting morphological changes within the 
creeks.   
 Complicating the interpretation of impoundment effects on the tributary systems, 
the entire post-dam period is characterized by significantly higher precipitation.  Higher 
precipitation may have produced increased channel activity and might be masking any 
changes attributable to upstream coupling from the mainstem.  Also contributing to 
increased activity in the post-dam period, three of the five largest 24-h maximum rainfall 
events occurred in the 1990s.   
 Planform channel change in the lower Trinity River has been dynamic throughout 
the Quaternary.  Scattered across the floodplain, oxbow lakes, meander scars and scrolls 
are evidence of a constantly evolving system.  While the Livingston Dam has greatly 
reduced sediment input to the lower reaches of the Trinity River, it has not significantly 
altered flows.  The system response is characterized by incision, widening, coarsening of 
channel sediment and a decrease in channel slope.  In the tributaries, the system behavior 
is characterized by incision, widening, an increase in roughness and variable changes in 
slope.  The geomorphic characteristics of the lower Trinity River basin tributaries are 
largely dominated by Holocene sea level change and the response to extreme events, such 
that dam effects become relatively localized.   
 While this study considered a coastal plain fluvial system perturbed by an 
anthropogenic alteration, the bottom-line implications may reach beyond this scope.  
Other earth surface systems may draw comparisons between emergent responses, 
response times and sensitivity to a disturbance within a system.  That is, emergence in 
this study occurred as system responses were observed at the site scale (i.e. confluences) 
but not at the reach or larger scale.  Response times typically increase within systems as 
the distance increases from the original disturbance.  In other words, the closer a field site 
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is located to the original disturbance, the more rapidly a response will likely occur.  In the 
lower Trinity basin tributary systems, no direct response to damming was observed at 
upstream sites.  This may be a function of the amount of time that has elapsed since the 
disturbance (e.g. there may not have been enough time for the disturbance to reach 
upstream sites).  In a related fashion, systems often become less sensitive to the original 
perturbation with distance.  Upstream sites may be more strongly influenced by local 
conditions, and therefore less sensitive to changes downstream.  Therefore, earth surface 
system responses to a system perturbation may occur at various scales both spatially and 
temporally depending upon local geomorphic controls. 
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APPENDIX 1 
 
Cross-sectional data from bridge measurements 
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Stream Site Date 
CX 
area 
(m2) 
Width 
(m) 
Max 
depth 
(m) 
Mean 
depth 
(m) 
Width/max 
depth 
Big Creek 150 1980 14.5 22.42 1.19 0.65 18.86 
  1998 15.0 21.08 1.31 0.69 16.08 
  2000 12.1 18.35 1.37 0.65 13.38 
  2002 8.8 13.18 1.22 0.66 10.81 
  2003 11.2 12.35 1.52 0.89 8.10 
 222 1971 30.3 19.99 2.26 1.46 8.86 
  1998 38.3 21.07 3.02 1.78 6.98 
  2000 36.2 21.80 2.56 1.62 8.51 
  2002 38.6 22.09 2.62 1.70 8.43 
  2003 32.5 22.45 2.19 1.42 10.23 
Burnett Creek 942 1996 24.1 15.63 2.50 1.50 6.25 
  1998 19.0 18.61 2.01 1.01 9.25 
  2000 18.2 16.62 2.44 1.12 6.82 
  2003 23.6 14.53 2.53 1.58 5.74 
Huffman Creek 222 1998 12.6 14.84 1.61 0.85 9.22 
  2000 9.8 14.39 1.36 0.67 10.56 
  2002 9.6 11.58 1.55 0.82 7.50 
  2003 11.3 12.85 1.51 0.87 8.54 
Long King Creek 942 1996 1.8 9.46 0.27 0.19 34.48 
  1998 0.9 8.77 0.18 0.11 47.97 
  2000 1.6 10.74 0.24 0.15 44.06 
  2002 2.7 10.76 0.49 0.25 22.06 
 190 1977 29.3 18.01 2.56 1.52 7.03 
  1996 87.7 25.33 4.45 3.18 5.69 
  1998 121.5 45.92 4.60 2.58 9.98 
  2000 87.3 35.52 4.42 2.49 8.04 
  2002 82.5 36.53 4.39 2.19 8.32 
  2003 80.9 28.36 4.63 2.66 6.12 
 1988U 1998 144.2 54.32 4.38 2.61 12.41 
  2000 80.7 31.64 3.40 2.41 9.32 
  2002 70.0 31.27 3.05 2.12 10.25 
  2003 75.9 25.18 3.47 2.23 7.25 
 1988L 1971 65.3 25.33 3.41 2.51 7.43 
  1998 76.9 32.93 4.33 2.25 7.60 
  2000 83.1 37.50 2.93 2.15 12.79 
  2002 78.2 38.05 3.08 2.05 12.37 
  2003 117.9 41.75 4.28 2.73 9.75 
Menard Creek 943 Original 5.99 6.86 1.34 0.82 5.12 
  1996 7.66 8.87 1.68 0.86 5.29 
  1998 7.41 10.40 1.34 0.71 7.75 
  2000 9.36 10.47 1.46 0.87 7.16 
 146 1994 99.4 63.49 3.59 1.55 17.70 
  1996 105.4 64.65 3.58 1.59 18.08 
  1999 91.2 71.07 3.87 1.39 18.34 
  2001 110.8 78.64 3.99 1.50 19.73 
  2003 100.1 72.96 4.51 1.47 16.16 
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 2610 1996 89.4 38.18 4.22 2.37 9.04 
  1998 83.1 36.14 3.75 2.30 9.65 
  2000 94.5 34.56 3.94 2.73 8.76 
  2002 84.5 33.63 3.64 2.51 9.25 
Mud Creek 942 1996 13.1 9.38 2.07 1.37 4.52 
  1998 18.9 13.46 1.98 1.35 6.79 
  2000 16.0 11.31 2.41 1.44 4.70 
  2002 15.2 11.21 2.38 1.32 4.71 
  2003 17.5 11.36 2.62 1.48 4.33 
Tempe Creek 1988 1954 32.6 23.85 1.63 1.33 14.60 
  1996 18.5 10.53 2.55 1.71 4.12 
  2000 24.8 14.47 2.65 1.65 5.45 
  2002 40.4 18.55 3.14 2.12 5.91 
  2003 25.5 12.69 3.11 1.98 4.08 
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